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Preface

It has been my purpose in this thesis to study the possibility of

finding a method for extending spectrum identification beyond the limi-

tations of photopeak analysis.

To carry out this theoretical study the Monte Carlo Transport Code,

Morse, was used to generate output spectra. The code is extremely flexi-

ble and has been adapted for Wright-Patterson's CDC-6600 computer.

I cannot express my gratitude enough to the personnel of RSIC at

Oak Ridge National Laboratory. Their support in sending me Morse and

important information was beyond the call of duty. My personal thanks to

Dr. Jabo Sae Tang and Dr. M. B. Emmett for their many hours of getting

me through the troubled days when I could not get Morse running.

A little closer to home, my appreciation to Dr. George John and Dr.

Don Shankland for their ready answers to my detector and correlation

theory questions.

Last, I wish to thank Major McKee for proposing this topic and

serving as my Thesis advisor. And I must thank him for keeping some of

my grander expectations in line with reality.
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Abstract

This report shows that gamma spectra identification by total

flux correlation can be used to extend identification range over

photo peak methods. Identification was based on two decision rules

both employing cross-correlation coefficients. The latgest coeffic-

ient (first decision rule) matched the unknown spetra with the cor-

rect source thirty-seven out of thirty-eight trials. The proposed

likelihood function (second decision rule) had a success rate of

thirty-five out of thirty-eight trials. These results were based on

spectra generated by the transport code, Morse.

ix



I. INTRODUCTION

Background

The analysis of characteristic gamma-ray spectra, from spontaneous

nuclear decay, for identifying the atomic source or sources of radia-

tion usually employs "matching" the unknown source's spectral features

with the spectral features of known sources. Figure 1 illustrates this

concept.

Figure 1, depicts the matching of the unknown source in a rather

simplified manner. The match shown in part c shows the spectra being

compared by their energy differences of the peaks and relative intensi-

ties of the peaks. The concept of the library and measured spectra will

be expanded upon in the next chapter.

As illustrated in Figure 1, the spectral features that are most

commonly used for matching are the peak lines in the spectra. The peaks

are the easiest means for several reasons: (1) The energy of the peaks,

or differences between peaks, can be determined; and (2) the relative

intensities of the peaks can be determined.

The importance of knowing the relative intensity may not be en-

tirely clear at this point. Basically, what if two sources containing

different amounts of the same materials were measured? A proper match

would then depend on the relative peak intensities, as well as line

10 energies.

As a review, the interactions of photons with matter results in

either partial or total loss of energy. The three major processes are

(1) the photoelectric effect, (2) compton scattering by electrons in the
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(a) Spectra of known sources. These spectra will be referred
to as the library spectra.

(b) Spectrum of unknown source. This spectrum will be referred
to as the measured spectrum.

Sowra.Ce

(c) The measured spectrum clearly matched source C of the library.
Therefore, source C would be considered ms's source.

Figure 1. Illustrative example of "matching" a spectrum of some
unknown source with a spectrum of a known source for
identification.
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atoms of the material, and (3) pair production. Compton scattering is

the only process which does not absorb the entire energy of the photon.

These processes occur in both the transport medium and detector material.

The peaks in a spectrum, like those in Figu-P 1, result from those

gamma-rays which deposit all their energy only within the detector's

active volume. The peaks produced by these uncollided gamma-rays are

known as photopeaks. Typically these peaks dominate the spectral fea-

tures and are used for source identification. The uncollided and col-

lided photons are illustrated in Figure 2.

seqter

Y, D'etector

Source,

Figure 2. Collided and uncollided photons.

As the photons of a source are transported to further and further

distances, the probability that a photon will interact in the transport

medium increases, causing the ratio of collided to uncollided photons

to continua]ly increase. Eventually, there would be so few uncollided

photons reaching the detector and depositing all their energy, that the

identification of the peaks in the recorded spectrum would no longer be

practical for identification purposes.

3



Now, if the photopeaks in the spectrum were the only information

available in a gamma-ray spectrum, then isolation of these peaks become

more and more difficult as detection range increases. Eventually the

photopeaks would no longer be identifiable, since the intensity of the

photons would decrease with distance. This suggests that the spectrum's

information vanishes whenever the peaks vanish.

This degradation of peak lines can be seen in figures 3 and 4.

Figures 3 and 4 show output spectra for source photons with energies of

1.0 Mev and .5 Mev, respectively. The transport of photon lines must be

represented by the transport of energy groups and not of lines. The

group structure is due to the use of multigroup cross-sections that use

discrete energy groups. The 1.0 Mev photon is in the energy bin having

limits of 1.0-.80 Mev while the .5 Mev source has bin limits of .45-.5

Mev. The energy bins, as given by the group widths of the crcis-section

library, are contained in Appendix A.

If the photopeaks were used as the only information in determining

a match, identification would be limited by the ability to isolate and

identify the photopeaks of the measured spectrum. This thesis takes the

position that counting the uncollided as well as the collided photons

might add "structure" to the spectrum unique for different sources.

This added "structure" may then be used for extending the identification

range.

Objectives

The basic objective of this thesis is to model and study the remote

detection of radioactive materials by measuring their naturally emitted

gamma-rays, obtaining spectra, and then employ spectral analysis to

4
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obtain the range limitations at. which the spectra's sources can be de-

termined.

This thesis studies the hypothesis that the total spectrum, consis-

ting of both uncollided and collided photons, may be used as a means for

source identification and, therefore, extend the identification range.

In other words, do scattered photons contain usable information and if

so, how can this information be extracted?

The theoretical study lays the foundation for further work by pre-

senting an identification technique, based upon proposed decision rules,

which can be employed to select a source from its spectrum. This study

will investigate and study the ability of the identification method to

make the proper source selection as the photons are detected at increas-

~.i.ing distances. In addition the question on whether a "new" source, not

included in the library, has been detected will be investigated. The

results will also be related to detection time.

To reach the objectives, two basic schemes were analyzed. The two--

scenarios were:

(1) If the measured spectrum's source is known to
be one of the library sources, how does increasing
the detection range affect the ability of the de-
cision rules to make the correct source idenatifi-
cation? This scenario will consist of both a "good"
and "poor" measurement for the measured spectrum.
The meaning of "good" and "poor" will be explained
in Chapter 11.

(2) If a measured source is not in the library,
does the decision rules indicate that a non-
library source is present? Again a "good" and
01poor"~ measured spectrum will be used.

7



Limitations of Problem

This thesis utilized a Monte Carlo transport code for the genera-

tion of all output spectra (Ref 1). Gamma-rays were transported in in-

finite (no ground or structural interaction), homogeneous air which con-

sisted of 79% N 2 and 21% 02, by volume with a density of 1.298 gil. The

modeling of the photon transport, imposed the following conditions on

the spectra outputs:

(1) Sources were isotropic point sources.

(2) A spherical detector, completely surrounding
the point source was used to estimate fluence
(See Figure 5). This assumption is necessary to
reduce the number of transported photons to a
reasonable number. The characteristics of the
transported spectra should remain valid.

(3) A time independent detection was modeled,
with the number of source photons increasing or
decreasing to model relative detection time. In
other words, the fluence is estimated not the
flux.

(4) Background was not considered.

(5) A realistic detector's response function
was not modeled.

Each of these conditions imposed restrictions on the results and

ultimately on the achievements of the objectives. A brief remark on

each of these conditions follows.

Chosing an isotropic point source to model the configuration of the

radioactive material was not a bad assumption. If source dimensions

were no greater than 1 meter, even the shortest transport range, i.e.

20 meters, is much much greater than the source dimensions.

Condition 2 results from the use of a spherical detection surface

surrounding the point source. Figure 5 illustrates this configuration.

8



Fluence mputed from
contribution f 7-rays as

- they cross the detector%surface.

Figure 5. Geometrical arrangement used for estimating
fluence of a point source with the Monte
Carlo Code, Morse.
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This setup was chosen due to it's ability to reduce the variance of the

fluence estimations (Ref 2). This fluence estimation technique is one

of several standard methods (Ref 2).

A time independent detection means that the code is not modeling

continuous photon emissions from the source. Rather, the total inten- -

sity of the source spectra is determined by the number of photons that

is input to the code for transport. The intensity of the bins in the

source spectra is determined by specifying the relative amounts of the -

photons for each energy group.

The limitations imposed by conditions 4 and 5 contain the greatest

deviations from a real detection.

Condition 4 is rather straight forward. No background was folded

or artificially incorporated into the generated spectra. This lack of a

4j; background allows fcr a perfect environment to be modeled. of course,

this condition is never obtained in a real detection environment. This

thesis assumes total background elimination is possible while at the

same time not destroying the spectral structure created by the collided

photon contributions. Remember, it is the scattered photon contribu-

tions; to the spectra that is being investigated as a possible means of

extending the identification range over the photopeak range.

Condition 5 also incorporates the ideal detector into the transport

model. A response function of 1 for any photon crossing the detector

surface was used. This ideal response indicates that the efficiency for

all photons of any energy is the same. This condition is not true for a

real detection case.

10



Layout of Thesis

Chapter Il introduces the sources used f or the spectral analysis

and discusses how they were constructed and transported.

Chapter III introduces the concept of spectral analysis by cross-

correlation and a likelihood function. The concept of a library and

measured spectra are defined and illustrated.

Chapter IV presents the results of the spectral analysis and illus-

trates a method for determining minimum detection time.

Chapter V follows with conclusions and recommendations.

The appendices of this thesis are located at the back of this paper

and they are ordered in the same sequence in which they are mentioned.--



II. SOURCE TRANSPORT

Source Considerations

The sources considered in this study were based on the following

assumption:

Different compositions of radioactive nuclear materials emit
gamma-radiation, that when detected close to their surface,
give spectra of unique characteristics as do single isotopes.

Only three isotopes were considered: U-235, U-238, and Pu-239.

The source spectra were artificially constructed from combinations of

these isotopes based upon several considerations:

(1) The untransported source spectra should reflect, to
some degree, the relative amunts of the combined isotopes.

(2) The source spectra should have some major lines in
common but with different relative intensities. This con-
dition will help determine the ability of the analysis
method to distinguish two different amounts of the same
material.

(3) Some scattering in the initial photon emissions from
the isotope sources were factored into the spectra. This
spread was so the source spectra would better model spec-
tra at the surface of the material. It should be stated
that a rigorous down-scatter analysis was not attempted
because the design of the sources was deemed unnecessary
for this theoretical study.

Even though the source spectra were constructed based upon these

considerations, the details of the source spectra are somewhat arbi-

trary, since the analysis technique is being evaluated, not the detec-

tion of any specific sources.

The major energies of the isotopes are tabulated in Table 1.

12



Table I. Major gamma-ray energies of
radioactive material (Ref 3:4)

Energy Intensity
Isotope (keY) l/(g-sec)

U-235 185.72 4.3E4

U-238 * 1001.10 I.OE2
766.4 3.9E1

Pu-239 129.28 1.4E5
413.69 3.4E4

• These energies actually arise from

Pa-234m daughter of U-238.

Figures 6 through 8 indicate the source compositions used in this

thesis. The figures are labeled source A, source B, and source C, res-

pectively, and will be referred to as such throughout this thesis.

Table II gives the percentage basis of the source spectra.

While the energies for the sources were based upon Table I, the

figures show group structure instead of individual line energies. Re-

call that the bin limits may be found in Appendix A.

All spectra were graphed, throughout the paper, with ordinate units

of counts/keV/source photon vs. abscissa units of keV. The ordinate

values are 4wR2 times fluence for each energy group. Spectra plots were

done in this manner, so that the spectra at different ranges could all

be represented on the same scale.

Spectra Generation

All of the output spectra were artificially produced by the trans-

port code. As such, estimates of the group fluence values (means) could

be generated to the statistical degree desired by running the code as

13
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Figure 6. Fluence spectrum of Source A.
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Source B
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Figure 7. Flu ence spectrum of Source B.
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Figure 8. Fluence spectrum of Source C.
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Table II. Spectra intensities of Sources on
a percentage basis.

Group Percent Intensity
(KeV) Source A Source B Source C

130.0 .18E-4 .0
1000

.06974 .0 .2564
800

70.0349 .717E-5 .1282

.3489 .0 .0256
600

.0 .0 .0
512

.2324 .0 .0
500

.0 .0 .0
450

.0177 .1043 .0
400

.0465 .1043 .0
300 .0116 .0 .0

20.1164 .7914 .5129
150

.0698 .0 .0513
100

.0 .0 .0256
75

.0232 .0 .0
60

.0233 .0 .0
45

.0116 .0 .0
30

.0 .0 .0
20

10
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many times as needed. Recall that the more samples that are used, the

better the true mean estimate can be found, i.e. the variance of the

mean is proportional to 11N, where N is the number of estimated values

for the quantity of interest (for example fluence). With this in mind

the output spectra were grouped into two categories.

The two categories were the library spectra and the measured spec-

tra. These categories have been previously mentioned and will now be

fully defined.

The library spectra were generated from the sources in a manner

that allowed for obtaining an estimation of the true fluence means.

That is to say, the library spectra were generated by averaging the

fluences of many runs. This resulted in a standard deviation of the

mean being obtained with each group fluence (Remember the energy bin

structure). Of course, if the sources were available for a real detec-

tion, then careful measurement of these sources under controlled condi-

tions would be carried out. This is what the library spectra represents.

In contrast, the measured spectra were generated so as to represent

a measurement under less than optimum conditions. Hence, their fluences

would be expected to be randomly distributed about the mean fluences of

the library spectra; an exact match was not likely.

The reasons for generating spectra at different ranges will be ex-

plained shortly.

The measured spectra were further broken up into two types: the

"1good" and "poor" measured spectra.

The terms "good" and "poor" were used only to indicate that the

1go" spectra were generated with a larger number of source photons

18



than the "poor" spectra, thus the "good" spectra should match the li-

brary spectra more closely. The term "poor" does not indicate that the

generation of the "poor" spectra resulted from computational error.

The method for generating these measured spectra are given below

under the appropriate subheading.

Library Spectra. The library spectra consist of the three sources

transported to 8 different distances: 20, 41, 83, 124.5, 166, 245, 333,

and 390 meters. Each output spectrum was determined by making 3 runs

with ten batches/run of 1000 source photons/batch. The group fluence

values for the 3 runs were averaged and the fractional standard devia-

tions were determined by batch statistics as given by the following:

Fluence Average (Multiple runs)

N N

i=l l

N = number of runs

Ci = number of batches for run i

Fi = average value of interest for run i

P = averaged value of interest (fluence)

Fractional Standard Deviation (Multiple runs)

° F 2 = 2 C 2o- 2/
2/lf.s.d. C i-YPF iI-C

Standard Deviation of the Mean (Any single run)

19



2 1 niFi
2  i N1 X ., -2 E. Fj

where,

N = number of batches (note the change from multiple runs),

n = total number of independent histories (function of the
number of source photons),

ni = number of independent histories in i-th batch,

F = accumulated estimate in i-th batch.
i

Note that: N

n n n

N

Fi =i E  F j
i ~i

where Fi, is the estimate from the j-th history in the i-th

batch, N

-- 1: Z ni * Fi (for one run)
n
J=1

where F is the mean, averaged over n histories.

The fractional standard deviation is

f.s.d. a

These statistics are computed by an analysis subroutine within the

transport code (Ref 4).

20



So, if the desired f.s.d. is not low enough (f.s.d. might be higher

for some bins than others) another run may be done in order to reduce

the f.s.d. and therefore, reduce a giving a better estimate for the

fluence means.

Why were the library spectra generated for different distances?

These range generations were done so that the concept of using total

spectra analysis, i.e. uncollided and collided spectral features, could

be carried out. Figure 9 best illustrates this concept.

By "transporting" the library spectra at the same range as a mea-

sured spectra a match can be attempted using the total spectrum with the

hope for extending the identification range.

The purpose of the library spectra was to act as the spectra, cor-

responding to known sources, by which a match with a measured spectrum

4 0 would be attempted. A perfect match would indicate that the measured

spectrum was from the same source that generated the library spectrum.

But this perfect match is not likely and only a best match would be ex-

pected.

This type of procedure allows for the investigation of the hypothe-

sis that the scattered photons contain useful information.

Measured Spectra. The measured spectra consist of the sources

transported to the same distances as the library, but with fewer source

photons. The purpose of the measured spectra was to act as the unknown *
sources for a match with the library spectra. The measured spectra's

sources will be referred to as unknown sources. Of course, the unknown

sources are known to us, so that conclusions on spectral analysis can

be evaluated.

21



(a) Source spectra (A-c) and unknown spectra X at the surface
of their material. Can see that spectrum X "matches"
spectrum C better than the other source spectra.

(b) For some reason source X can not be measured at a close
distance but only at range r. It is now difficult to
tell which source X is.

(c) By generating the library spectra at the same range a
match may become possible. Now, spectrum C, at r,
seems to match spectrum X atr.

Figure 9. Illustrative example for generating
transported library spectra.

22



Also included was Source X, which was a source not used in the li-

brary. Source X was used so scenario (2) (Chapter I) could be answered.

Source X is shown in Figure 10.

Two sets of measured spectra were generated; one referred to as the

"'good" spectra and the other referred to as the "poor" spectra. Only

one run with one batch was used in their generation. Therefore, no es-

timate of the mean for each group fluence value was possible. What

these measured spectra gave were fluence values randomly distributed

about the means of the library values.

"Good" Spectra. These measured spectra were generated by

using 1000 photons as the makeup of the source's intensity.

"Poor" Spectra. These measured spectra were generated by

using 100 photons as the makeup of the source's intensity.

It should not be surprising to expect that the "good" spectra will

be distributed with less variance about the means of the library (of the

same source) than would the "poor" spectra. Table III clearly shows

that this statement is correct. Table III gives the number of standard

deviations away the measured fluences of source A are from the library

fluences of source A at the range of 20 meters. Clearly, Table III

(For the complete listing see Appendix C) shows that the standard de-

viations of the "poor" spectra are larger than the "good" spectra, on

the average. As range increases the differences between the "good" and

11poor" spectra become even more apparent.

The purpose for generating two different measured spectra for each

source was to find out what the analysis procedure reveals when the

search spectrum consist of either a good measurement (good statistics)
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Table III. Distribution of "Good" and "Poor" fluences
about the means of their library fluences.
Source is Source A at the range of 20
meters. Values are in Counts/Photon.

Library A MA (Good) MA(Poor)
Group (KeY) (s. dev)* (d.f.m.)** (d.f.m.)**

1300
.0 .0 .0
(.0) n/a n/a

1000 5.94E-2 6.195E-2 4.66E-2
(7.47E-3) (-.34) (1.713)

800 3.043E-2 3.548E-2 1.541E-2
(6.24E-3) (-.81) (2.406)

700 2.947E-1 2.894E-1 2.528E-1
(1.77E-2) (.301) (2.369)

600 1.161E-2 9.587E-3 0.0
(5.98-3) (.339) n/a

512 1.811E-1 1.808E-1 1.539E-1
(8.10E-2) (3.3E-3) (.335)

510 1.866E-2 1.551E-2 0.0
(6.23E-3) (.5059) n/a

450 2.472E-2 1.635E-2 5.716E-3
t (7.87E-3) (1.064) (2.415)

400 7.068E-2 6.534E-2 1.087E-1
(1.37E-2) (.0389) (-2.77)

300 6.154E-2 5.293E-2 7.729E-3

(1.512E-2) (.5696) (3.56)
200 1.183E-1 1.404E-1 1.491E-1

(1.764E-2) (-1.25) (-1.74)
150 9.528E-2 7.627E-2 1.094E-1

(1.63E-2) (1.162) (-.859)
100 1.492E-2 3.563E-2 2.235E-2

(8.72E-3) (-2.37) (.8510)
75 2.083E-2 1.439E-2 1.309E-2

(5.46E-3) (1.180) (1.418)
60 2.531E-2 1.687E-2 3.929E-2

(7.33E-3) (1.151) (-1.90)
45 1.524E-2 6.451E-3 3.507E-3

(6.37E-3) (1.378) (1.839)
30 3.897E-4 0.0 0.0

(9.048E-4) n/a n/a
20 0.0 0.0 0.0

n/a n/a n/a
10 0.0 0.0 0.0

n/a n/a n/a

* (standard deviation of library (counts/photon))

** (deviations from mean of library)
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or poor measurement (bad statistics).

The library spectra are shown in Figures 11 through 13 at various

distances.

The "good" and "poor" spectra can be found in Figures 14 through

I 21.
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Figure 11. Library spectra of Source A at ranges of 166
meters and 330 meters.
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Figure 14. "Good" spectra of Source A at ranges of 20, 166,

and 330 meters.
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III. CROSS-CORRELATION

Background

Cross-correlation may be defined as a mathematical technique for

determining the degree of similarities which exist between two spectra.

With the introduction of digital computers, cross-correlation became a

common means of comparing a measured spectrum with a set of library

spectra in search of sought-for spectral features. The main application

of cross-correlation techniques has long been to detect signals. The

first discipline to widely use correlation, and probably the field that

still uses it most today, is the communications field. The application

of recognizing periodic communication type signals in noise was discus-

sed as early as 1950 (Ref 5). Several books that deal with correlation

techniques have been written with application primarily to communica-

tions (Refs 6;7).

Several articles were found that specifically applied a cross-

correlation technique in analysis of nuclear spectra (Refs 8;9;10;11).

The articles presented the application of correlation technique in iso-

lating and enhancing structure in pulse-height spectrum data. The spec-

tra peaks were the main structure of concern. This type of correlation

method is a peak extraction method. A peak extraction method is any

technique which can determine if a gaussian pulse exists within the ran-

dom noise and background of a spectrum.

An article in 1973 by Horlick (Ref 12) presented typical results

that are obtained when entire spectra are cross-correlated and how the

resulting cross-correlation patterns can be interpreted. The spectra
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used were line emission spectra for Co, Ni, and Fe. This article gave

the clearest meaning to generating library spectra of known sources,

making a measurement on an unknown source, and then matching the unknown

spectrum with the proper library spectrum. The match then identifies

the source of the unknown spectrum.

Decision Rules

In order to analyze the unknown spectrum and make a choice as to

its source, some form of a decision must be made. Two decisions rules

were proposed and studied. Both of these decision rules employ cross-

correlation coefficients.

Cross-Correlation Coefficient. The cross-correlation coefficient

is defined here as

G
oPi, j E ( , Ck(j) 1...

k=l

where,

fi= cross-correlation coefficient of spectrum i correlated
with spectrum j.

G = number of energy groups being used to define the correlated
spectra.

Ck(i) = spectrum i's fluence estimate of energy group k.

Ck(J) = spectrum J's fluence estimate of energy group k.

Pi,J may be normalized by the denominator,

GG

1 E C Zk(i) 2 E ZCk2(i (2)
k=l k=l
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such that

0 < < 1

and for a spectrum correlated with itself

The actual definition of (1) is quite flexible and may be seen

written in different forms in other literature (Ref 6). In determining

the form of the correlation equation a simple expression was desired

that could be applied to the group nature of the spectra as well as be

easily analyzed in a statistical fashion. Equation (1) meets these de-

sired conditions for the coefficient equation.

The value of p can be thought of as a measure of all spectral

features shared by the two spectra on a percentage basis. The closer

Pijis to I the more features the two correlated spectra have in common

with one another.

Largest Coefficient. In most applications of the cross-correlation

coefficient, the match for a measured spectrum has depended upon cross-

correlating the measured spectrum with the library spectra and choosing

the largest correlation coefficient as the indication for the correct

match. This method, choosing the largest coefficient, constitutes the

first decision rule.

Before the second decision rule is presented it is instructive to

introduce the meaning of the library matrix and the measured matrix.

The library matrix contains the coefficient values of the library

spectra correlated with one another. Since three sources comprise the

entire library, a matrix with dimensions of 3X3 will be formed. The
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library matrix for the 3 sources looks like the following:

[LA,LA PLA,LB PLALCi

OLB,LA PLB,LB OLB,LC

OLC,LA OLC,LB PLC,LCJ

OLA,LB would be the cross-correlation coefficient of the library

spectrum A with the library spectrum B.

Each row vector of the library matrix may be viewed as the "compo-

nents" of library spectrum A (row 1), library spectrum B (row 2), and

library spectrum C (row 3).

Due to the nature of the correlation equation, this matrix is sym-

metric, i.e. OLALB = 0LB,LA' 0LA,LC - OLC,LA' and pLB,LC = PLC,LB" The

diagonal terms will have a value of 1, since cross-correlating a spec-

trum with itself must result in a perfect match (See page for norma-

lization procedure).

These coefficients each have a standard deviation of the mean, a-,iP
due to the nature of their generation. Note, the diagonal a's are equal

to zero because the normalization procedure always gives a value of one

for the diagonal coefficients.

The completely described library matrix looks like the following:

0LA,LA ±a LA,LA PLA,LB + aLA,LB OLA,LC + aLA,LC

0LB,LA +a LB,LA OLB,LB - aLB,LB PLB,LC + aLC,LC

LLC,LA + aLC,LA PLC,LB + aLC,LB PLC,LC - LC,LC
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As with the coefficients, the standard deviations are also symmet-

ric, i.e aLA,LB a LB,LA' aLB,LC = aLC,LB' and aLA,LC a LC,LA"

A library matrix was calculated for each distance the three sources

were transported.

The measured matrix contains the coefficient values of the measured

spectrum cross-correlated with the library spectra at corresponding

transport distances. In this case, a matrix with dimensions IX3 results,

giving

[M'i",LA OM"i",LB PM'i",LC]

where pM"i",LA is read the cross-correlation coefficient of measured

spectrum "i" ("i" indicates the correct source for the measured spectrum)

correlated to library spectrum A and so forth.

Likelihood Function. The likelihood function is a probability den-

sity that will be used for the second decision rule.

The likelihood function used in this study is given by

P(M=i) =

aMiLA M,,LB aMiLC 

where,

M = assumed source for the measured spectrum

P(M=i) = value of the density function assuming M's source is

source i.

OaL = standard deviation of the correlation coefficient of the

MiLAMiLB+j-j-L
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assumed source, M, about the library spectrum of j(See Appen-
dix B for derivation). "i" indicates the assumed source of the
unknown spectrum.

Clearly, (1) consist of three gaussian density functions (gdf) mul-

tiplied together. The use of the gdf is based on the assumption that

the normalized coefficients follow a gaussian distribution. This assump-

tion must be kept in mind when the results of this decision rule are

presented.

The likelihood function does several things that the measured coef-

ficients (alone) do not. The function:

(1) allows for the similarities of the library spectra with each

other to be mathematically taken into account; and

(2) takes into account any error associated with the library spec-

tra and the assumed source.

The use of the likelihood function is a more mathematically correct

method for determining the correct match through cross-correlation analy-

sis (Ref 13).
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IV. RESULTS AND DISCUSSION

To demonstrate the feasibility of extending spectrum identifica-

tion by correlating spectra consisting of uncollided as well as collided

photons, the measured spectra (including Source X) were correlated to

each of the library spectra. The decision rules were then applied to

the coefficients to see if the correct match was indicated.

The correct source of the measured spectra will be designated with

an M, for measured, followed by the letter indicating its source, i.e.

MA means the measured spectrum of source A. In addition a numerical

value may follow M"i" indicating results for the "good" or "poor" mea-

sured spectra, i.e. MA1O00 would be for "good" while MAI00 would be for

"poor" spectra. This nomenclature indicates the number of source pho-

0 •tons used for their spectra generation.

The results of the decision rules are presented in the sequence in

which the scenarios were presented in Chapter II.

Coefficient Matrices

Tables IV, V, and VI give the coefficient values for the library

matrix, the "good" measured matrix, and the "poor" measured matrix, re-

spectively. All the coefficients shown are normalized coefficients.

The associated standard deviations of the means for the library

coefficients are tabulated in Table VII.

Library Matrix. Let us first look at the library matrix (Table VI)

and understand some of the trends that are occuring. The most noticable

feature about the coefficients is that their values are becoming closer

and closer together as range increases. This phenomenon is occurring
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Table IV. Coefficient values of the library
matrix

SOURCE
1.0000 .1478 .4325
.1478 1.0000 .8530
.4325 .8530 1.0000

RANGE f 20 meters

1.0000 .3814 .4556
.3814 1.0000 .8587
.4556 .8587 1.0000

RANGE f 41 meters
1.0000 .5031 .5727
.5031 1.0000 .8821
.5727 .8821 1.0000

RANGE = 83 meters
1.0000 .7079 .7578
.7079 1.0000 .9174 4

.7578 .9174 1.0000

RANGE = 124.5 meters LEGEND
1.0000 .8188 .8591 "
.8188 1.0000 .9469 LA,LA OLA,LB OLA,LC

RANGE = 166. meters PLBLA PLBLB PLBLC

1.0000 .8735 .9163 pLC,LA pLB,LC pLC,LC
.8735 1.0000 .9576 L

.9163 .9576 1.0000

RANGE = 246. meters
1.0000 .9090 .9547
.9090 1.0000 .9626
.9547 .9626 1.0000

RANGE f 330. meters
1.0000 .9138 .9696
.9138 1.0000 .9618
.9696 .9618 1.0000

RANGE = 390. meters
1.0000 .9307 .9810
.9307 1.0000 .9559
.9810 .9559 1.0000
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Table V. Coefficients of "Good" matrix

RANGE
(meters) MAIOQO MB1000 MClOOO

20.0 (.995,.422,497) (.379,999,853) (.470,.859,998) -

41.0 (.995,472,539) (.496,.999,.883) (.592,860,997)

83.0 (.990,.637,709) (.704,.997,921) (.751,.904,996)

124.5 (.986,.759,804) (.818,.997,942) (.853,.961,997)

166.0 (.980,.848,.893) (.869,.992,949) (.904,.939,988)

246.0 (.985,.884,939) (.901,.984,918) (.943,.950,982)

330.0 (.953,.928,950) (.924,.990,963) (.965,951,977)

390.0 (.965,.916,954) (.921,.974,939) (.964,.948,990)

Table VI. Coefficients of "Poor" matrix

RANGE
(meters) MA100 MB100 MC100

20.0 (.969,.500,533) (.364,.997,861) (.446,836,981)

41.0 (.971,.549,600) (.490,941,866) (.530,927,985)

83.0 (.886,.753,.759) (.678,.967,.866) (.720,.898,944)

124.5 (.907,.687,.735) (.797,960,897) (.710,.807,.831)

166.0 (.909,.715,763) (.795,.940,897) (.789,.780,.878)

246.0 (.859,.778,.842) (.722,.841,789) (.919,913,944) -

330.0 (.946,.907,932) (.844,.961,914) (.731,.696,711)
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Table VII. Standard deviations of the means for the
coefficient library matrix

LIBRARY SIGMA RANGE = 20 meters
A B C

0.0 8.525E-003 7.873E-003
8.525E-003 0.0 8.101E-003
7.873E-003 8.101E-003 0.0

LIBRARY SIGMA RANGE = 41 meters
A B C

0.0 1.013E-002 1.002E.002
1.0i3E-002 0.0 1.133E-002
1.002E-002 1.133E-002 0.0

LIBRARY SIGMA RANGE = 83 meters
A B C

0.0 1.262E-002 1.336E-002
1.262E-002 0.0 1.268E-002
1.336E-002 1.268E-002 0.0

LIBRARY SIGMA RANGE f 124.5 meters LEGEND
A B C]

0.0 1.940E-002 1.800E-002 ILA,LA LA,LB aLA,LB
1.940E-002 0.0 1.957E-002
1.800E-002 1.957E-002 0.0 jLB,LA LB,LB aLB,LC

LIBRARY SIGMA RANGE = 160. meters [LC a aJ
A B C LCLA LCLB LCLC

0.0 1.893E-002 1.893E-002
1.893E-002 0.0 1.865E-002
1.893E-002 1.865E-002 0.0

LIBRARY SIGMA RANGE f 246. meters
A B C

0.0 2.315E-002 2.414E-002
2.315E-002 0.0 2.147E-002
2.414E-002 2.147E-002 0.0

LIBRARY SIGMA RANGE = 330. meters
A B C

0.0 2.769E-002 2.863E-002
2.769E-002 0.0 3.251E-002
2.863E-002 3.251E-002 0.0

LIBRARY SIGMA RANGE = 390. meters
A B C

0.0 3.371E-002 3.166E-002
3.371E-002 0.0 2.960E-002
3.166E-002 2.960E-002 0.0
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due to the increased downscattering of the source photons as range in-

creases. The downscattering photons cause the group bins of the lower

energies to fill up creating a higher correlation between the library

spectra due to the spectral differences disappearing. This downscatter

is evident in any of the spectra figures.

Measured Matrix. Tables V and VI give the measured matrix for the

"1good" and "poor" spectra, respectively.

Like the library coefficients the measured coefficients are becom-

ing closer and closer as range increases. Of course, this was expected

since the same sources are being used and the spectral features of these

measured spectra are disappearing as well.

Library vs. Measured Coefficients

The purpose of generating coefficients is to compare the library

coefficients with the measured coefficients, apply the decision rules,

and study the indicated match. The measured coefficients are plotted

along with the correct row of the library coefficients in Figures 22

through 27 (Source X will be presented later).

The open symbols, connec ted by some line "type", are coefficients

of the indicated library spectrum correlated with itself and the other

library spectra. The crossed-in symbols are the coefficients of the

measured spectrum (unknown source) with the library spectra. If the

measured spectrum's source is the same assumed library source, then each

paired symbol, one open and one crossed, should be "close" to one ano-

ther or show the same ordering at each range. These figures indicate

that these trends are true.

These figures show several things. First, the "good" spectra
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coefficients, at each range, "1closer" than the "poor" spectra coeffi-

cients. This difference is due to the "poor" fluences being randomly

distributed about the means of the library with greater deviation than

the "good" spectra. This distribution of the "good" vs "poor" has al-

ready been mentioned in a previous section. Here the plots illustrate

the difference between the distributions.

Another feature about the coefficients is that as range increases

the coefficients begin to converge on one another making it difficult to

tell the coefficients apart. This bunching implies that identifying the

source of the measured spectra will also become more difficult as range

increases and spectral features disappear.

Figure 28 shows what happens when the measured matrix coefficients

are compared to the wrong row of the library. In other words the wrong

source. The symbols are no longer paired and the largest measured co-

efficient is p MB,LB' not p MB,LA* PMB,LB is the coefficient correspond-

ing to the assumed Source B (wrong in this case).

Results of the Decision Rules

So far the relationship between the library and measured coeffi-

cients have been shown. The decision rules are now applied to the co-

efficients in order to study how the correct match is affected as range

increases. The maximum studied range at which the correct match was

chosen will then be used to compare the photopeak identification method

to these proposed methods.

Largest Coefficient. The largest coefficient in the measured ma-

trix will determine the most likely source for the measured spectrum.

This decision rule has been used in previous work (Ref 12). By looking
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at Tables V and VI as well as Figures 22-27 it can be seen that the lar-

gest coefficient chose the correct source (excluding source X) in

every case but for the MCl0 matrix at the range of 330 meters (See

Figure 27).

By employing this decision rule the correct source is chosen in

every case except for the "poor" spectrum of source C at the 330 meter

range. These results show that this decision rule has a great deal of

merit for identifying unknown sources. What is even more encouraging

about these results is that even with "bad statistics" the proper choose

can be indicated. ("Bad statistics" is only a relative term, but an in-

dication of the success that can be obtained with this decision rule has

been demonstrated.)

In all these cases only one out of the thirty-eight matches indica-

ted the wrong source for the measured spectra.

Likelihood Function. The second decision rule utilizes the likeli-

hood function. In an analogous fashion as the first decision rule, the

rule would state that the largest value for the likelihood function in-

dicates the correct match.

Recall the likelihood function is given by

P(M=i) =

EXP) -~ [PMiLA;PLbLA) + MiSLB-PLiLB) +PMiLC-:Li Lc)2X - Mi,L a \ Mi,LB I k cMi, LC

2 T7 Mi,LA Mi,LB aMi,LC
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Table VIII gives the value of the likelihood function along with

the maximum the function could possibly be. The maximum would indicate

that all coefficient pairs were perfectly matched, i.e. each pair is ex-

actly equal to each other, and therefore, the numerator would reduce to

one.

By noting the maximum indicated for each assumed source, it can be

seen that the values of the likelihood functions are weighted different-

ly (due to the process used in determining the standard deviations used

in the function). If the function is divided by its maximum value, then

a percentage will be found that indicates the degree the function is to

a perfect match. This ratio will be referred to as the normalized like-

lihood function. The largest normalized likelihood function is used as

the second decision rule. Table IX gives the results.

Table IX indicates the wrong matches in the location where the sym-

bol 'Y' is present.

Largest Coefficient vs. Likelihood Function

From the ,rrevious two sections, the identification of the correct

source, by either decision rule, gives comparable results. While the

rule utilizing the likelihood function indicated three wrong matches

compared to one wrong match for the coefficient rule, each wrong match

was indicated only for the "poor" spectra. In general terms, the two

rules must be considered .o be equal in their success for choosing the

correct source.

Cross-Correlation vs. Photopeak Identification

In order to make the comparison between the cross-correlation
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Table VIII

(a) Likelihood function values for measured source MA1000.

RANGE ASSUMED (ASSUMED) m(ASSUMED p

meter SOURCE P'SOURCE Pmax\SOURCE / Pnax

20 A 1.4E+2 3.6E+2 .374

20 B 2.5E-369 4.5E+3 0.

20 C 1.5E-269 2.7E+3 0.

41 A 4.2E+2 6.6E+2 .632

41 B 2.5E-125 1.4E+3 0.
41 C 7.3E-78 9.5E+2 0.

83 A 1.2E+2 3.2E+2 .369

83 B 1.8E-36 1.2E+3 0.

83 C 8.4E-15 4.2E+2 0.

124.5 A 7.8E+1 1.3E+2 .608
124.5 B 2.2E-2 1.4E+2 0.
124.5 C 1.6E-2 2.1E+2 0.

166.0 A 9.5E+l 1.2E+2 .789
166.0 B 2.9E+l 1.9E+2 .237

166.0 C 6.9E+1 1.7E+2 .403

246.0 A 5.6E+I 5.9E+1 .952
246.0 B 2.8E+l 1.6E+2 .177

246.0 C 6.5E+O 8.7E+O .747

330.0 A 4.2E+l 4.6E+i .900
330.0 B 2.8E+1 3.5E+1 .811

330.0 C 2.9E+1 3.2E+1 .888

390.0 A 2.OE+1 2.1E+1 .948
390.0 B 2.7E+1 3.5E+l .776

390.0 C 4.3E+1 5.1E+1 .845
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Table VIII

(b) Likelihood function values for measured source MB1000.

RANGE ASSUMED (ASSUMED) (ASSUMED) P
meter SOURCE P\SOURCE/ Pmax\ SOURCE / Pmax

20 A 1.6E-71 3.6E+2 0.
20 B 4.4E+3 4.5E+3 .973
20 C 5.6E-8 2.7E+3 0.

41 A 6.6E+2 6.6E+2 0.
41 B 1.4E+3 1.4E+3 .964
41 C 9.5E+2 9.5E+2 0.

83 A 3.2E+2 3.2E+2 0.
83 B 1.2E+3 1.2E+3 .983
83 C 4.3E+2 4.2E+2 .71

124.5 A 1.3E+2 1.3E+2 0.
124.5 B 1.4E+2 1.4E+2 .993
124.5 C 2.1E+2 2.lE+2 .444

166.0 A 9.5E+O 1.2E+2 .078
166.0 B 1.9E+2 1.9E+2 .984
166.0 C 9.4E+l 1.7E+2 .548

246.0 A 2.6E+l 5.9E+l .436
246.0 B 1.3E+2 1.6E+2 .8141
246.0 C 4.7E+O 8.7E+0 .541

330.0 A 2.9E+1 4.6E+I .636
330.0 B 3.5E+1 3.5E+1 .994
330.0 C 2.8E+I 3.2E+1 .869

390.0 A 1.7E+l 2.1E+1 .791
390.0 B 3.4E+1 3.5E+l .968
390.0 C 3.6E+1 5.1E+l .708
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Table VIII

(c) Likelihood function values for measured source MCIOOO.

RNE ASSUMED P(ASSUMED) (SUMED Pmeter SORE P Om ax (SOSURCE IPmax

20 A 4.OE-71 3.6E+2 0.
20 B 3.3E-13 4.5E+3 0.
20 C 2.OE+3 2.7E+3 .752

41 A 1.8E-48 6.6E+2 0.
41 B M.E-4 1.4E+3 0.
41 C 6.9E+2 9.5E+2 .729

83 A 1.5E-8 3.2E+2 0.
83 B 5.3E-10 1.2E+3 .005
83 C 4.2E+2 4.2E+2 .963

124.5 A 9.2E-1 1.3E+2 0.
124.5 B 9.OE+l 1.4E+2 .645
124.5 C 2.OE+2 2.lE+2 .981

166.0 A 2.7E+l 1.2E+2 .226
ji166.0 B l.lE+2 1.9E+2 .580

166.0 C 1.6E+2 1.7E+2 .936

246.0 A 4.4E+1 5.9E+l .755
246.0 B 1.1E+2 1.6E+2 .705
246.0 C 8.5E+O 8.7E+O .971

330.0 A 4.1E+l 4.6E+l .898
330.0 B 2.9E+l 3.5E+l .834

330.0 C 3.4E+l 3.2E+l .970

390.0 A 2.OE+l 2.1E+l .957

390.0 B 3.OE+l 3.5E+1 .853
390.0 C 5.OE+1 5.1E+1 .978
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Table VIII

(d) Likelihood function values for measured source MA100.

RANGE ASSUMED P(ASSUMED) (ASSUMED p
meter SOURCE PSOURCE PaxSOURCE IPmax

20 A 1.8E+l 1.1E+2 .159
20 B 5.8E-111 8.8E+2 0.
20 C 4.8E-72 5.lE+2 0.

41 A 1.4E+2 2.lE+2 .643
41 B 1.5E-34 2.7E+2 0.
41 C 8.OE-20 1.8E+2 0.

83 A 1.OE+1 1.OE+2 .097
83 B 3.2E-4 2.2E+2 0.
83 C 3.OE-l 8.OE+1 0.

124.5 A 8.3E+0 4.1E+l .202
124.5 B 6.9E-1 2.6E+1 .027
124.5 C 4.4E-1 3.9E+1 .011

166.0 A 6.lE+0 3.9E+1 .159
166.0 B 9.lE-l 3.6E+1 .026
166.0 C 1.1E+O 3.2E+l .035

246.0 A 4.3E+0 1.9E+1 .230
246.0 B 4.8E+0 2.9E+l .165
246.0 C 4.3E+0 1.6E+1 .266

330.0 A 1.3E+1 1.5E+1 .879
330.0 B 5.6E+0 6.5E+0 .865
330.0 C 5.4E+0 5.9E+0 .922
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Table VIII

(e) Likelihood function values for measured source MB100.

RAN~GE ASSUMED /ASSUMEDI /ASSUMED Pmeter SOURCE PkSOURCE / Pmax(SOURCED/ Pmax

20 A 6.OE-28 1.lE+2 0.
20 B 7.5E+2 8.8E+2 .847
20 C 6.5E-2 5.lE+2 0.

41 A 1.3E-40 2.1E+2 0.
41 B 1.8E+2 2.7E+2 .695
41 C 1.0 E+l 1.8E+2 .058

83 A 6.7E-8 l.OE+2 0.
83 B 1.3E+2 2.2E+2 .599
83 C 1.7E+1 8.OE+l .212

124.5 A 4.8E-1 4.lE+1 .012
124.5 B 2.3E+1 2.6E+1 .891
124.5 C 2.3E+1 3.9E+l .585

166.0 A 9.5E-1 3.9E+1 .024
166.0 B 2.2E+1 3.6E+1 .617
166.0 C l.3E+l 3.2E+1 .422

246.0 A 2.OE-1 1.9E+1 .011
246.0 B 1.8EI- 2.9E+l .063
246.0 C 1.6E+l 1.6E+1 .010

330.0 A 5.8E+0 1.5E+1 .389
330.0 B 5.8E+O 6.5E+0 .898
330.0 C 4.5E+0 5.9E+0O .772
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Table VIII

(f) Likelihood function values for measured source MC100.

fRAN~GE ASSUMED (ASSUMED /~ASSUMED) P
meter SOURCE P \SOURCE/ PmaxkSOURCE! Pinax

20 A 1.1E-24 l.lE+2 0.
20 B 1.4E-2 8.8E+2 0.
20 C 4.3E+2 5.1E+2 .854

41 A 9.2E-38 2.lE+2 0.
41 B 5.OE+l 2.7E+2 .187
41 C 1.lE+2 1.8E+2 .608

83 A 6.4E-6 1.OE+2 0.
83 B 7.8E+l 2.2E+2 .350
83 C 6.OE+l 8.OE+l .745

124.5 A 1.2E-2 4.lE+l .003
124.5 B 5.lE+O 2.6E+1 .201
124.5 C 3.OE+O 3.9E+l .077

166.0 A 6.8E-1 3.9E+l .017
166.0 B 5.2E+O 3.6E+l .146
166.0 C 4.6E+l 3.2E+l .147

246.0 A 1.3E+l 1.9E+l .706
246.0 B 2.4E+l 2.9E+l .810
246.0 C 1.4E+l l.6E+l .875

330.0 A 2.3E-1 1.5E+1 .015
330.0 B 1.4E+O 6.5E+0 .219
330.0 C 6.8E-1 5.9E+O .116
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Table IX. Results of "matching" using
the likelihood function

Ono I0 MR /0o Me /00 e 1000 MG 100 Mr- 1000 MC, /00

4"

/A~.

aqs.b -I-

330. +

310. N'1

+ Wrong match indicated.

6
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technique and the photopeak technique, the range where photopeak iden-

tification can no longer be utilized must be determined. Some subjec-

tive decision had to be made based on the spectra generated. By looking

at the "good" and "o" spectra, the range of 166 meters shows that

most of the initial source structure has vanished. A way to interpret

the range limit for photopeak identification is to picture the measured

spectra of Source A and Source C (Figures 6 & 8) and their Source Spectra

(Source B is excluded because of its lower spectra bins, i.e. easily

identified from the other spectra by its upper bin limit). At this

range it is becoming difficult to look at the spectra and identify the

correct source. Therefore, the 166 meter range will be considered the

maximum range limit where photopeak identification may be carried out

successfully.

In order to help justify this range, a look at the mean free paths

for a couple of the primary energy groups .8-l.MeV and .15-.2MeV trans-

lated into 1.5 and 2.8 mean free paths, respectively. This distance

does not seem to be a bad choice, since the probability of the photons

scattering is 77.3% and 93.9%, respectively.

The decision rule results indicate a rather large range extension

for identification. This extension is by as much as twice the photopeak

range limit, i.e. 166 meters compared to as high as 390 meters.

Source X: The Non-Library Source

Table X shows the measured coefficients of measured spectra X and

X100 with the library matrix. These coefficients along with library co-

efficients are plotted in Figures 29 through 34.

Clearly each decision rule will always indicate the wrong match.
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Table X. Coefficients of "Good" and "Poor"

matrix of source X

RANGE
(meters) MXl000 MX100

20.0 (.431,.624,.649) (.238,.164,.557)

41.0 (.598,.669,.701) (.536,.594,.557)

83.0 (.814,.805,.853) (.750,.860,.903)

124.5 (.899,.848,.890) (.888,.784,.844)

166.0 (.954,895,.934) (.898,.845,.868)

246.0 (.957,.938,.967) (.916,.839,.894)

330.0 (.970,.935,.973) (.976,.923,.977)

390.0 (.965,.916,.954) N/A
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What is needed is some method able to discriminate Source X as a "new"

source.

Examining the coefficients of Table X shows that there is no clear

"dominant" coefficient at the low range, i.e. less than 124.5 meters.

The magnitudes at these low ranges differ from the large values found

from the "good" and "poor" coefficients for the correct source. To ar-

gue that these low values indicate a "new" source would be hard to jus-

tify. Even if this statement could be justified, this low range is with-

in the photopeak range and therefore, adds little to the analysis of X

spectra.

Detection Time

The minimum count time based on a spectrum consisting of a total of

1000 source photons will be determined. The count time determined is the

minimum since the same results are desired as the ones with the "good"

spectra. The 1000 photons were chosen due to the simple fact that 1000

source photons were used as input for the generation of the measured

spectra.

The minimum count time will be based on a g-sec basis so that know-

ledge of the source's mass can quickly give the minimum count time needed.

This problem will be based on the source spectrum of B. The source

spectra of B was originally based on a 5:1 mass ratio of U:Pu. From the

relative amounts of the source spectrum, a source intensity may be found.

Table XT shows the finding of the total intensity of Source B.
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Table XI. Total intensity determination
of source B

ENERGY SOURCE INTENSITY EFFECTIVE
BIN (KeV) SPECTRUM (%) MATERIAL (1/g. sec) INTENSITY (1/. sec)

45023 .1043 Pu2 39  3.4E4 3.55E3
400

.100 Pu 3.4E4 3.4E3
300

200 U235 4.3E4 2.85E3
.796 *

• 1
100 Pu 1.4E5 1.86E3

TOTAL: 5.4E4/ sec.

The minimum count time can be determined by the following

equation,

0 Count Time = 000 * 4(Range) 2 1)
I, Area

where

I° = Total intensity of source in l/g.sec.

Area = Area of detector face

For source B I ° = 5.4E4 photons/g, sec.

substituting into (1)

2
Count Time = .232(ange) gsc

Area .sc

Figure 35 plots the count time vs. range for a detector area of 5 cm
2
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V. CONCLUSIONS AND RECOMO4NDATIONS

Conclusions

The concept of utilizing entire spectral features for source iden-

tification has been investigated. The study used a simple correlation

function and employed two decision rules for determining the source of

the unknown spectra. Two scenarios were investigated: (1) each mea-

sured spectrum has a source in the library, and (2) the measured spec-

trum's source is not a library source.

When the decisions rules are applied to scenario (1) the following

conclusions are drawn:

(1). The counting of collided photons as well as uncollided pho-

tons seems to add structure to the spectrum which is unique to the source.

The added structure extends identification further than the photopeak

identification.

(2). The proposed techniques for identifying unknown sources have

merit as a possible alternative to photopeak identification based on

their success for choosing the correct sources.

(3). The "matching" of a statistically "poor" spectrum still gives

results that are correct in most cases studied.

When the decisions rules are applied to scenario (2) the following

conclusions are drawn:

(1). The small values of the measured coefficients "might" indi-

cate that the measured source is not a library source. But these low

values are indicated for ranges within the photopeak range.

(2). Based on the decision rules the non-library spectra cannot be
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discriminated as a "new" source.

Lastly, a minimum count time was determined for source B as a func-

tion of range.

Recommendations

Based on the assumptions and observations while working on this

thesis the following recommendations are proposed:

(1). The modeling of a more realistic detector with appropriate

response functions should be considered. However, the use of Morse for

photon transport is not suggested because of its complexity. The only

reason Morse should be used is to model complex 3-D geometries which can

not be done by more conventional transport codes.

(2). One of the underlying assumptions throughout this study has

been that a detector which allows both the collided and uncollided pho-

tons produces a spectrum which can be used for extending identification.

As mentioned most detection schemes want to reduce background (scattered

photons included) and only get peak structure.

A study of possible detector types and designs which could be used

should be investigated.

(3). Using the simple correlation equation on the group structure

of the spectra was a managable task. Applying the proposed techniques

to real data would involve a complicated process. This process would

consist of setting up a data acquisition system (a personal computer

might suffice but it would be limited by storage capabilities) and the

proper analysis routine (computer program to solve for the coefficients).

The analysis system would involve finding the proper correlation tech-

nique to handle the large amount of data due to the large number of
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channels in todays multichannel analyzers, i.e. finding coefficients on

a group to group basis would be extremely costly in computer resources.

This work would lay the foundation for further nuclear spectral analysis

studies.

(5). The entire analysis used a 3 Source library. Does the iden-

tification range increase as the library becomes larger? Do the decision

rules still compare with one another in their success rate? These ques-

tions are the basis for further study for determining correlation limi-

tations for the proposed decision rules.
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Appendix A. Photon Energy Group Boundaries
for DLC-48/PVC. (Ref )

Group Number Energy (MeV)

1 14.0
2 12.0
3 10.0
4 8.0
5 7.5
6 7.0
7 6.5
8 6.0
9 5.5

10 5.0
11 4.5
12 4.0
13 3.5
14 3.0
15 2.5
16 2.0
17 1.66
18 1.50
19 1.33
20 1.0
21 0.80
22 0.70
23 0.60
24 0.512
25 0.510
26 0.45
27 0.40
28 0.30
29 0.20
30 0.15
31 0.10
32 0.075
33 0.060
34 0.045
35 0.030
36 0.020

0.010
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Appendix B

2 2-
A. Variance of Library Coefficients, aA B 2 AB

2
The variance, , is determined by the following:

N= A B
Recall PAB L i i

i=l

A -A Awhr
But actual CA = i + C where

Ci = estimated means
-B +B

i i i C =true means

i
C random error

The expectation of pAB is

E A %* +C) (Ci -B 1
i

-Y~ -' /A-B -B A ACB A~B~AB = E ti i C + C i + C t B)

now,

E i and E EM 0

Because it is equally likely that the different is will be positive

as well as negative, therefore the average (or expectation) will be zero.

(1) Therefore reduces to

PA, = AE + 45B E ,AC B) (2)

if A=B then AB=1

if AOB then 6AB=o
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If A-B then

OAB is defined as

2" = E pBPA2

= ~( 2 P - + P 2)

the E operator is linear so

AB2 =E A - 2P E PAB + -A2
AB AB AB

therefore

i" AB 2 = E 2 - -2 (3)
cr AB E AB

Taking the terms individually.

-
2AB2
~AB (A)2 ( A + 1:ABA B 2

i i

Case A#B

2 -A-B-A-B

( )2 = - c
i,j

Case A-B

(A) = + cA2) ( Z + ,2
AB (Z)

i j

83 j
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- A-A-A-A + A2 A2 A22_, ic lCj + 2 a aA AY
i,j i,j ij --

E p AB2 : 1

A -B B + B) (A

Case A#B j
-A-B-A-B + (ZA2 B2

CiCiCj j  i

i,j i

/-B 2 A2 A2 B2

+ .Id + a0\i ii.. jiii i

Case A=B

E P2? = SAAAEA + 2 1S EAA rA2iijij i ij

ij i,j

+ 4 -A-AA 2 + A AA 2

i i,j

Therefore

Case AOB

2 (A\2/ B A2 )/A2/ B)2

a 1= a + (,, + AIa

i

Case A=B

2 -A2 A2
crAA =4 1 1'

The standard deviation is scf. The standard deviations are actually

standard deviations of the means since the a s where of the mean. This
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is Just for the library.

B. Variance of Library Coefficients, a M,L 2

There are two types of error to consider:

(1) The standard error of the mean associated with estimating the

fluence values, i.e. C + L where C is the random error of the

mean.
M M

(2) The error associated with the measured fluence Ce, i which
M -L

indicates the deviation of C about C .

To find M,L

PML E p ( ) M M
i

EA-

i,j

This reduces to

E 2 C LELM + L)

i,j i i

L2 M2

i i iJ

85

E j . . . . . ll C Ci ' i ii lmm i



RDI-Ai144 637 STUDY OF TOTAL GAMMA SPECTRA CORRELATION FOR EXTENDING 2/2.
IDENTIFICATION RAN..(U) AIR FORCE INST OF TECH
WRIGHT-PATTERSON AFB OH SCHOOL OF ENGI.. A W DOOLEY

UNCLASSIFIED MAR 84 AFIT/GNE/PH/84M-2 F/G 20/8 NL

MhEE EOMONE
mmmm



lli.i.,__. ..--

1111.0 L-5 8

1111 11111_L4

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS- 1963-A

-I-.. . . .



.1i

Therefore

aML2 =E -pL M)

22 2

a + ) + a a

-M

Now must be estimated by assuming a source L such that

-L -M -L
C = Ci since no estimate of Ci is available, i.e.

i (from single -L
i batch /

while

L (avg estimate after) LCi many batches ) Ci

In a similar fashion a must be estimated. Since aM corresponds

to the variance of the data and not the mean, the relationship between

the assumed library source is

2 
M
2

L = i .I
i =N

where N = number of batches used in estimating the fluence mean.

For the 1000 photon case

M2  L2

and for the 100 case

M2  L2

i  = 10 , N ,o i
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Since counting statistics says that the estimates should vary as

the Vintensity.
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Appendix C. Distribution of measured estimates about their
library estimates.

LEGEND FOR APPENDIX C

Bin (KeV)
Library (Counts/Photon) Measured Number of
Standard.Deviation N/A s.d. values
of the Mean (s.d.m.) are from library

value
Bin (KeV)
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~OUWilPIg~o RANE:28 IiDEVIVT 1DrIRA9 YOA RMEASURED A-1001 FROM MEAN

~tLF~Igg III+1I. .I~l

7.4TE 3 uIn -. 341E.I
3. 54SE-162

7N6.U.N 11IE+Iu -. 889E+hll
*2.9j-12 2.14-8

512 0 1.11 482 3.387E-001

410 . I +3. 991E-l11

. 1.1 -12 -,1u -, 12E.

.13 E-1 I +l 3.898E-12

2H8 54- 33 I.9E.9 .ISIE+I3
1.~~I IBS-11 14 1-

In 91141626 1.3762E*IH

3. 87-43 S. UIE+I3I
213 .4E-12 1.39E18 .36El

LI!IIl!g3 .4 1-11EII
1 .1 14119 I.329E411

3.87E10 I.I89 l



PDUNTI/PIgTOw N E4 DEVIATION
1r3 R A 4A ED A-1001 FROM HEAN

5.2 -1 4.261I1

913 .9 -1 i.81 Uffl 9.671E-111

2. 449E-II1 2.4371-181
61 1.329E-u32 I.1 1 +u 8.86GE-092
'I2.25JE-119  2.676E-182

51 7 6E 1 .IIoE+flU -. 531E+ll
1.4 37E-101, 1.55JE -0ll

518 1.1 -11 1. 31E+899 -.116E+It1
3.117E-8i 2. 265E-182

45 .171E- 03 l.111E+Ull 1.fl56E+Ioo
3-31$1-802 4.359E-1l2i

41 7. v7E-183 1.1 BE+ul -. 942E+Ill
9.656E-12 9. 557E-112

30 t.522E- 02 1.108E+811 -.591E+010
9.43SE-112 9.48 E-102

219 1.622E-112 9. 9E+ul -.279E-991
1.285E-081 1.941E-l1

11 1.791E-112 0USIE92I929-8
1.20@E-611 1.252E-81

to 2.171E-802 1. hlE+l -.241E+ll@
4.843E-612 4.59SE-182
7 1.9E112 3.UliE+III -.336E+Ioo

2.934E-1lZ 1.94 ZE-102
1.l65E- 12 I .1F+818 9.317E-91

45
.877SE-103 5 81 -3

3 1 77-l l.101E+lg l.698E+Ioe
7.779-U 1.571E-103

92 X 4014 *.IIIE+3I -. 966E.988
1.69SE-615 8.52WE+89
If 6.720E-115 l.UllE +399 2.393E-81

0.11E811 .89E+99 989Eo

90



13 Ig H1URED AonlegA

a" r-r~ 298E+161j
F. 1 7P1 2 "V 111 122E6181

Ste 94-10 3  90il -.647E+Il6

91 -i &M 4.176E-882
451

4.m 31 s-.1E1

74- I 1 Il 2.7E-9
31 1.4 1.-.119E-I61

210 f416-8

1591



COUNTS/PHOTON RANSESI24, 5 DEVIATION
GROUP LIBRARY A MEASUREb A-1iO1 FROM MEAN
1338

.UUE+Il 8. IUOE.818U.UOiE~iuS I.UOUE . *.IUIE'Ii

tell 2,633E-12 2,382E-II2

4.922E-913 1.UUIE IUI 6.723E-11
all 1,573E-112 1.268E-012

3.622E-H3 1.16SE I9 7.875E-18l
788

I.IBIE-18t 1,434E-I11
1.823E-102 8.1iIE4I8 -.246E+ gl

610
3.285E-162 2.B9E-862
6.676E-S3 1.88E+816 6.230E-8l

512
5.572E-112 5.351E-82

4.431E-283 8.lIIE+IlI 5.828E-181
51

3.796E-612 4.314E-882
8.892E-03 1.11IE Iui -.64@E4Iil

458 3.674E-82 4.949E-18|
7.751E-163 I.II1EqII -.164E+Iol

488 9.565E-112 6.142E-062
1.526E-102 *.SIIE4i8O q.331E-1l8

300
I.35E-911 1.42 E-11.

2.222E-112 98EIII -.326E+I18
70% 1.163E-611 1.12BE-812

2.81@E-892 1.116E+18 2117E-8u1158
1.784E-011 1.561E-I81
3.312E-802 1.1 BE+8 4.347E-011

1.882E-111 6.887E-182
3.119E-112 I.IIIE+lII 6.656E-201757.551E-112 3.912E-162
2.145E-92 1.089E +11 1.779E+I89

be
6.651E-612 7.492E-162

2.312E-812 I.IIUE+ I -.3b3E+692
45

3.289E-112 2.95BE-112
I.357E-12? 8.888E+9 1.88E-881 --

2.636E-003 2.287E-163
2.172E-883 I.IIIE+III -.II5E+ ll

20
3.814E-816 1.111E41

1.489E-825 I.II1E+II 2.562E-811

I.IIIE 610 8.01SE 8O1
0.1E 1E49 9.008E+22

92
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COUNTSIPHOTON RANGE=166 M DEVIATION
6ROUP LIBRARY A MEASURED A-I81 FROM MEAN

lose 9.IIIE+19S 9.IIIE+ShI 9.ISIE+lh9
Iull

1.914E-12 1.747E-962
4.429E-103 8.18E+918 3.762E-991

l1.127E-12 1.541E-8S2

3.86BE-113 6.118E410 -.107.4811
711

8,123E-182 8.154E-682

699 6.779E-13 1.19E+111 -.465E-111

2. eBIE-,8t2 1.637E-082
5.771E-O3 0.121E411 2.153E 111

512
3.555E-8i 3. 283E-112

3.3@IE- 13 1.188E+116 8.251E-211
519

3.514E-86O2 3.741E-862
5.487E-193 I. 9E4Gu -.411E+116

3.432E-812 3.121E-162
7.147E-183 1.881E+18 4.352E-g11

419

I.11 1E-.a 2 l.19BE+119 -. 693E412399
1,234E-8l1 1.199E-I1

2-9 2.115E-92 9.1BE 199 1.68BE-811212
9.955E-112 1.33SE-l1
2.16%E-12 1.091E+191 -.157E+811

IS9
1.635E-18l 1.444E-801
2.622E-182 8.881E+888 7.2&9E-881

lo1
1.172E-8l1 9.454E-S12
3.273E-92 I.UgIE 9 + 6.932E-011

7.679E-812 5.357E-182
2.911E-162 1.161E+111 1.155Ee11169

8.765E-882 1.196E-l1
2.939E-162 0.121E4119 -.109E+80145

4.268E-12 3.55BE-582
1.933E-012 1.881E+10 3.676E-001

2.91-3 4.286E-6032.851E-813 1.101E+Ol -.669E+18

29
1,739E-0Ib 1.818Eg06
5.441E-1 6 1.912E+81 3.097E-001

1.168E+811 0.111E+108
1.112E4119 1. 11E+11% 9.91E+111

93
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COUNTS/PHOTON RANGEz245 M DEVIATION
GROUP LIBRARY A MEASURED A-1121 FROM MEAN

lo3o*I.H74E-SIS IlSIE-0S2

18g 1.174E-612 1.161E-862
2.152E-113 1.061E121 -.482E+hll

all

2.124E-183 IUIE+I4I -.240E+Il1
711

4.887E-12 3.114E-162
5.292E-113 8.IIIE4II I.687E+1io

680
2.141E-112 2.263E-162

4.566E-613 IllIE+9I -.485E Ill
512

1.438E-812 1.353E-112
1.957E-193 I.BefE*+81 4.296E-101

511
2.352E-112 2.086E-802

4.876E-113 I.IIlE+Ifl 5.462E-161
451

2.371E-612 2.13SE-g82
4.599E-183 1.118E+Bll 5.172E-011

488
6.889E-082 5.843E-112

1.226E-812 1.l88E+IU9 2.116E-881

311 9.273E-882 7.96E- I.
1.944E-122 . 8 6.729E-181289 6. 482E-812 5.602E-12
1.14E-12 8.IBIE+II 8.682E-11

15
1.292E-80 1 1. 38E-g

2.283E-112 1.1g$E+ I9 -.417E+Ill
III 9.84E-162 8.652E-112

1.954E-112 I.IIIE+I89 2.213E-211
75

7.496E-092 4,939E-862
4.116E-102 1.281E+Ill 6.212E-11

68
8.839E-82 6.22BE-82

3.849E-102 I.IIIE+888 8.591E-881
4.72BE-802 2.833E-152

1.471E-102 O.IIE+II8 1.283E4881

4.174E-183 5.672E-814
5.119E-023 O.IIIE9II8 7.646E-901

20
1.234E-116 8.688E+08%

4.257E-166 I.II8E+989 2.89SE-981

IMIE480 I.IIOE+Ill
8. 889E+II% 8.IE+I I.IOIE898

94
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COUNTS/PHOTON RAN6Ez3 3 M DEVIATION
GROUP LIBRARY A MEASURD A-1112 FROM MEAN
0133

8. 888E+86 I.SIES
1 8 .68 E8
5.488E-663 4.863E-113
1. .I7E-123 I.IIIE88 5. 26SE-81

3. 513E-683 4.,728E -813
1.1aff-883 I.IIIE48 -.103E4881

718

2.275E-113 881E+888 -98+8

1,185E-182 1.494E-112

2. 33E-813 1.111E+811 -. 143E+Il1

5.48BE-813 5.11E-83
5.297E-BI3 I.IIIE18 9.94E-81

3 1 .485E-812 1.374E-82

51 3.274E-803 1.IIIE+I88 3.394E-001

1.346E-182 2.936E-162
3.71E-13 I.II8E+III 9,196E-88

458
3.9596E-112 5.57BE-102

5.297E-193 I.IlIE+III -.34E+191
31

6. 455E-112 5. 687E-812
1.353E-112 I.IIIE+III 5.676E-861

6. 14SE-592 3.263E-912

1.699E-112 I.l%%E+III -.435E+8ll

86. 455E-912 5.6079E-182
1.353E-112 I.II8E4 89 5.676E-81

75
3. 147E-182 9.788E-012

2.311E-122 I.IIE+II -.1I8E4+881

2.376E-812 1.219E-Ilia2.857E-82 0.111E4888 5.554E-98

3.1863E-812 4.60#E-812

2.467E-013 I.IIIE4988 5.554E-81
28

5.473E-4816 6. 01E 4818
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COUNTS/PHOTON RANGE=391 M DEVIATION
GROUP LIBRARY A MEASURED A-lgll FROM MEAN1339 l.g6IE+9l6 3.14E-103

0. l E+ll 8. lUE4II 8.111E4911
l99l

3.417E-BIZ 7.074E-183
1.25BE-183 1.llE+l6 -.291E+911

ell
2.319E-13 3.24JE-11 e

1.173E-113 9. 1 99 -.878E+188799 1.172E-82 5.464E-9I3
2.825E-113 1.10%E+999 2.215E+lll699 8.18tE-013 7.41SE-113
2.723E-113 8.181E+111 2.811E-011512 2.726E-513 0.165E491
6.445E-114 0.991E42%9 4.231E+116

911
9.882E-103 4.642E-183

2.233E-113 8.161E+199 2.347E+112
459

1.035E-112 3.384E-113
3.q52E-993 1.002E+1% 1.762E+I99

499
2.584E-812 2.381E-112

6.896E-B93 1.019E+211 2.q52E-01!

3.861E-812 3.632E-982
3.94SE-111 1,91E+991 2.317E-11

299
3.186E-612 3. 14E-992

1.043E-12 9.899E499 -. lqqE+Il
.51

6.159E-012 4.619E-162
2.14SE-992 f.999E+11 7.172E-011

4.341E-12 b.11BE-1l2
2.318E-112 1.999E+181 -.553E+908

75
4.007E-062 5.592E-912

1.183E-102 1.106E+11% -.134E+861

5.292E-812 3.813E-082
1.b2E-182 1.101E+119 8.675E-Olt

45 2.23iE-112 2.369E-BB2
5.772E-80; 0.161E+41 -.225E+I99

2.441E-183 e.584E-864
2 .224E-083 8.011E.999 6.931E-011

e. .89E-Zl6 0.020E411
2.466E-825 1.101E481 3,411E-001

o l.9991i199996E49E
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COUNTS/PHOTON RANSE=29. M-t EYMAION

GROUP LIBRARY 8 MEASURED -11ROM EAN

13328.081E411 0.801E41

l.8uE it Q.en SeI4S

i.1,E+88 .89E+98

9.9IE~iZi 9IZE+8i 999E49
792 E41 %.13E4311ol+8

eta

.8 8 8 E + 8 l 1 .8 E 8 5 .1 2 E 4 1 %

.eeE+3eL .99E~99 .IIE2
1.011E+94 90.999E4

71.41E-92 9. 359E-12

Lose-922 1. 11E+811.14E~~

6 .463E-4 12 .026E-499
I.87E-2 o.e9E+92 -.754E+9

52.001E4912 IM4 11 l

4 i.124E- 2 9. 9E1 6275E-9S1

2&. b 6bE-991 &.577E-991

t.613E-102 8.101E4912 -175E-It

W .75 E- 82 1. 8 24E- 81
4.177E-912 0.190E+992 4.191E-9912.445E-112 31ASE-0162 97S-
1.124E-012 1.101E+811-7~E-9

1.677E-W 1.106E41292

7 47E-822 I. 24 9E-832

4 " 4,435E-313 SU33E+22 -1256E+9-6

i.02E+92 0.80E+9 2,S22Ee99

75

..662"613 1.279E-08
8. US.E1988R2 2292 4209

30 .9E9+81l99+9999249

9. 08299 239243
2.6HE19E2 0.091E4206 .29+
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LOUNTB/PHOTON RANGE'20. N DEVIATION

GROUP LIBRARY C MEASURED C-1810 FROM MEAN
1331

1.081E+IeI S.BG0E+liI
1.8IE+411 l.SE+II 9,119E+U1

IBISloo2.215E-111 2.261E-181
1.458E-882 1.101E+41 -.38eE+lllBIB

1.121E-81I I. I4E-1l

70 9.743E-023 1.IIE+421 -.752E+II

3.11E-12 3.b5E-182
5.562E-183 9.101E+21 -,I16E+481

bit
8.795E-813 I.630E-B2

4.728E-183 1.188E+419 -.158E+491
512

4.417E-864 2.129E-183
I.142E-183 1.1IE4I -.162EI1I

6,8"E-183 9.227E-113
4.27BE-183 1.16E41BB -.325E+9h

5.911E-803 1.374E-083
3.787E-113 1.0BiEfIll 1.qE4881

4 1.296E-182 1.941E-112
B.97IE-113 1.180E411B -.799E+Ill

2.II@E-B2 2b51E-112
-Q 25 B.9B3E-013 1.181E+1 -.612E411

4.16BE-101 4.354E-811
1.817E-102 1.080E+1% -,112E+481

1.536E-811 1.86BE-B1l
2.171E-82 8.111E+Ill -.149E41l

4.bgE-062 4.118E-182
1.22BE-112 0.111E4BSI 5.461E-11175

B.653E-13 .BB6E-liU
7.260 E-B53 B.SIIE+uIB -.171E+21

2.327E-613 6.808E481I5.245E-03 1.111E411 4.436E-l145
3.63BE-004 B.lBBE+SlS

I.625E-013 1.811E481B 2.239E-811

0.008E+11 B.S0SE+BBI
1.098E419 1 .00E+1 S.E.19B25

8.001E+611 9.00E+811B.BBBE~SBI B.SSBE+BBO B.gNgE*BSB

B.tBE+e .00E+421
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COUNTS/PHOTON RAN6E=93 M DEVIATION
GROUP LIBRARY B MEASURED B-1620 FROM MEAN

0361,881E+88 8.1E+918

.1UWE+ool 8. +8E422

.98E+I88 L.uBE 499 .I*9

8O
1. bS1E-615 8.SUBE.383
9.044E-15 .881E+88 I,926E-21t

0.8E+998 9.IE+61I
1 .111E+ 1 0.110E+E+18

.98E~899 IBEII .38E9
512 I.188E+MI 8.991E4111

1.B1E+161 1.B IE4S 8.181E+818

451 4.199E-012 4.1 1 -882

6,178E-183 6. E+8S b.74SE-112
0,441E-812 5.84%E-682

7.974E-113 0.81E+111 1.779E+18

.5 5 E -8 2 4 43 E - '

1.179E-192 8.981E488 6.134E-802
208 3.55E-881 3.467E-111

1.779E-002 1.101E+216 5.138E-011

1513.488E- 3.TBBE-191

2.411E-112 2.260E'ato -.1S7E+211

i.b2bEE-01 1.912E-61l

75 3.512E-102 1.801E+82 -.863E+888
75a.bb7E-o12 8.219E-162 2

1.979E-902 1.181E+111 2,441E-121

so 5.63BE-812 5.749E-882
2.057E-182 I .81E40i -.S77E-9I1

1.718E-012 2.171E-012
i,172E-102 8.198E412 -,386E+11

8.792E-814 9,895E-15-
1.422E-113 1.101OBE8 5.0S9E-si5

S. E +88 .UE+B IggE+g

1. 0 0 0E + 1 0 8 .8 8 E 4 81I

I. afIE+I8 8. 89E+.
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COUNTS/PHOTON RANGE=124.5 M DEVIATION
GROUP LIBRARY B MEASURED 8-1880 FROM MEAN
1371 2. eSUE+93B 8. 881E+8I!

1 008 E8 5.148late

1.848  0.268E4836
89 89E1 .6E8.80E+88 8.18E 686 9t.88gE,818 .88E+88 e88E+3

788
0.08E+16 0.116E+81

0.901E4188 1.11BE486 1.810E412
601

1.908E+688 0.111E481
12 .10E4918 .188E41111E+0

1.01@E+01 0.18E889 8.88E+889518
8. 10E+818 . .01E8E41

0.080E+120 0.891E419 5.118E466
452

2.79E-882 2. 982E-162
03.656E-813 1.011E4118 -.255E+116

488
4.565E-%12 5.92E-182

8.162E-013 e8.l9E+lll -.653E+106

4.184E-862 4.41BE-112
1.549E-682 0.111E+116 2.363E-811

280
2,82E-011 2.383E-181

1.509E-162 1.811E+112 -.631E+888
150

7164E-81 i.851E-881
4.501E-102 2.1 E 1888 6,93BE-981

1.862E-811 1.712E-01
4.922E-612 1.001E4816 3,185E-011

1.167E-8 1 1.291E-881
219E-I02 0.098E+498 3.046E-1169

1.144E-061 1.046E-081
4.451E-112 0.002E4118 2.t96E-1I

45
.;46E-012 2.772E-012
1.527E-102 6.101E+461 7.693E-Ci

S.1 58-613 I.9E-814..287E-98 8.328E+888 .254E-88128

1.362:-11S 1.551E-817
5.1 )1I-815 0.181E4118 2,664E-021

102.??l E0 .3fEl0
.001E+IH0 2.002E+lle 1.110E+001

100
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COUNTS/PHOTON RAN6E,166 m IEV1ATION
GROUP LIBRARY B MEASURED B-1ill FROM MEAN
1 338 1.0g0E468 1.80E+811

I.811E+111 I.l E+. +_
loo

I. IIIE+I06 I. SSUE+IUI
9.IIIE.39 8.IIIE+II6 OI.UUE+I

700
.eIE+oI .01E+2019.IISE+I9I 9.I9IE+9I *,IhIE+U9I

69
7.129E-815 flIMBE+IBI

3.850E-104 1.18E+12 1.826E-881
512

1.110E+311 1.801E+981 1.I01E418
5 10

8.881E+888 .801E+88 0.33E+81

456 1.621E-112 1.7871-162
2.523E-113 I. B9E+ It -.659E+81

499
3.568E-122 3.BIE-1I2

7.984E-113 1.8E+19 -.329E+8813"04.356E-812 4.848E-812
1.165E-102 1.00E+51 -.462E+811

1.492E-61 1.515E-91
1.392E-92 6.181E48%9 -,165E19

159
2.427E-181 2.q27E-881

2.717E-812 1,191E11 -.184E+191199
1.757E-981 1.751E-181
3.365E-122 1.980E+HG 1.785E-9827575,2.76E-811 1.21-101

2.%9SE-02 9.8 1E+112 1.369E-011
69 I,259E-991 1 1,43E-8I1

3.796E-112 1.81E+111 5.714E-9I1455.4E-12 5.I99H-82
1.66E-H2 .uuUE+uU9 5,O37E-911

4.316E-613 1,294E-083 --1
2.371E-113 1.08E+2 1,274E+991

20
2.702E-186 8.482E-187

1.213E-195 1.188E+22 1.535E-11
11S.,891E+919 9. 89E+991

9,119E+991 9G9UOE+999 9,IIIE+9 9

101



COUNTS/PHOTON RAN6E=245 M DEVIATION
GROUP LIBRARY B MEASURED B-1800 FROM MEAN

1.78BE-0I5 8.8OlE+991
9.311E-25 0.101E411 1.826E-911

life
0. ll@E+BU2 9. 292E4829.999E.U99 9,293E+929 9,299E 199

age
.198+E11 .B E+28

729
1.06E+181 6.9E416

0.,8BE+e99 8.808E481 L299EQ19
600

2.21E+61 8.066E+6i9
9.,08E+Iel 1.101E+119 1.106E+11

512
1.188E+116 8 11E+991 

- -q

1.112E29 2911E416 1.006E4119
519 ,0E66 6O6~ ~

2.22E+29 2.99E+2 2O~E~O

456
6.B8E-103 6.623E-293

1.884E-813 1, lE l92 1.539E-011
429

1.753E-812 1.295E-82-
3.246E-913 8,09E4119 1.413E4229

2.656E-052 3. 184E-82
1 6.524E-813 ..61E+999 -,618E E2.

6 .b 4E-52 6.864E- 27
1,IIE-12 2.101E4219 7,52qE-992159 *

I .379E-811 1,557E-161
1.786E-292 0.111E92 -.996E+111

1.111E-011 1.139E-021
1,862E-812 1,128E+818 -* 151EM99

75
i,931E-802 6.82bE-082

2,102E-112 2.199E+Ill 1.478E4229be
1.124E-001 1.22SE-Ol1

2.4q5E-102 2.011E4999 -.417E+81145
S.75E-812 9.839E-062

1.447E-692 0.108E+02 -,204E+021

3.274E-61 4.542E-003
Z..19E-103 0.001E+9 -.578E+12

2e
I. 766E-015 0.900E+411
6.446E-005 1.001E+089 2.742E-.- 1

12
0.0002E411 O. 822E+tOO

,11OZE+41 e,101E 102 .000E411

102



COUNTS/PHOTON RANGE2333 MI DEVIATION
GROUP LIBRARY 9 MEASURED fl-1111 FROM MEAN

1.11E+88 8.11E41119UE+h

log 1.1E+68

6 91 E18 00%1%

6 1 8 .8 9 E 4 1 8 .1 1 E + 8 1 1
512 .11+8

6.808E+111 6.01%E 4811
1 .111E+161 9.101E41%U 8.011E+112

45 .63SE-013 2. 579E-113
1.139E-123 1.111E+991 4.861E-102

427.894E-113 9.777E-883
1.919E-103 8.110E+111 -.986E+186

"t .497E-602 1.486E-l9

5.24SE-203 I.M9E499 1.796E-813
20e 6E91 4.883E-92

6,912E-113 1.111E+111 -. 168E+211
196.6B86E-112 6. 51BE-182

1.443E-122 1.101E+162 2.542E-21
lo9 5.34E-912 5,326E-112

1.88SE-12 2.111E+611 S,22GE-Bfl1
74.87&E-112 5.817E-162

1.225E-122 8.108E+811 -.773E+Ile
60 6 96E-012 6. 213E-182

2.029E-112 1.190E+122 Z.918E-101
45

4.081E-12 71.517E-112
2,617E-la2 8.006EQ9hl 2.191E-001

3. 087E-93 1. 480E-883
2.540E-123 1.029E4819 6.109E-l1

6.2511-116 1BSE49l9
2.2 33E-115 1.001E+912 2.79BE-S1

0.218E+118 0.111E41
9.91E+16,191E4119 8.121E411

103



COUNTS/PHOTON RANGE=390 M DEVIATION
GROUP LIBRARY B MEASURED B-1099 FROM MEAN
1330

9.00E+886 0.00E+16
.10E+118 1.061E419 0.100E+681

9.06E+681 0.11 .0E1
899 9.-9E+888 .08E+086

0.01E+8 2.000E+18 o, 99E~999

799
0.000E+58 e.Z11E+1B9

0.081E+111 .iIIE+280 0.08BE 00+

0.001E+168 9.00BE49
0.011E+920 Z.001E+000 0.101E4189

9.001E+418 0,08E410
0,00K+012 0.001E+400 1.200E+102

3.01E+219 0.080E+011
0.820E+11@ 1001E+212 0.161E+121

450
i.367E-W93 1.031E-113
5.374E-004 1.001E+121 5,656E-001

420
4.o65E-993 4.203E-003

1,.384E-001 0,000E+002 3,265E-10l
8.349E-013 3.620E-113

3.524E-993 8.021E+0?0 -.417E+118299
1.436E-012 1.85SE-102

4.295E-003 1.20@E+11@ 8,52E-101
I50

3.8,15E-812 o.736E-812
1.088E-002 0.801E+09 -,268E+111

3.382E-002 4,349E-012
7.B4E-193 i.@00E+@1@ -.183E+001

75
121E-992 3.295E-102
7.351E-90S 1.001E+0t9 -.236E+002

4.",44E-022 4.B5BE-992
1.287E-002 0.001E+ZO9 -.399E+ O

.521E-202 2.492E-902
2.71SE-003 9,02E+012 3.324E-002

1.74!E-013 9,473E-034
1.764E-o 2.200E+221 4.50?E-201

6.547E-99b 9.999E~999 2.i27E-99110

9.202E+t2Z 2.020E~eze 2.201E+11e

104



COUNTS/PHOTON RANGE=41 P, DEVIATION
GROUP LIBRARY B MEASURED B-1BBS FROM MEAN
1330

B.188E+888 5,018E+8
1.188E481 1.11E+Ill B,060E+SSB!too

1.088E+8 0.68E481
a l 0.118E4 110 1 ,00E +0 0 1 ,181E+182

ass

1.196E+621 0.12E+6
0.880E411B 1,18E411 1.100E+68

711
6.808E+U 0.80E+BIl
8.29E+818 1.981E+99 1.199E418

610
6.088E+888 8.668E4I86
1.080E422I 8,.8E+88 9,ISE+81

512
6.86E+861 1.818E+61
1.01RE+11 1.000E+Ill 1.081E+618

519
.18E+861 1., 1E+UI1B,0IBE+060 B.BSBE 060 B,0I6E+U060

458
6.468E-882 5.73@E-182
B.89E-813 1.299E+811 9.124E-011

495
7.946E-812 6.789E-062

1.114E-H2 1.861E411 1.148E+811
4.09E-882 4.299E-182

.)51E-102 0.0S0E+1il -.214E461
299

5,425E-981 5.635E-101
2.573E-102 B.00BE4i -.817E+ell

150
2.726E-011 1.615E-B1I

3.312E-902 0.181E+411 -.269E+0B0

7,534E-162 7.277E-082
2.373E-002 1.188E+411 1.682E-061

75
3.223E-022 2.256E-112

2.25SE-002 1.100E+061 4.279E-101
60

1.045E-862 ,. 556E-663
1.145E-812 1.000E+80B 4.27@E-11

2.061E-813 9.018E+11
3.935E-B03 8.116E 000 5.237E-101

3e
7,984E-015 e.@llE+ll0

3.336E-214 8.181E+111 2,393E-991
2a

3.091E-116 0.110E48B6
1.693E-015 1.06E+11 1.826E-881

0. B00Et9B0 9.BBSE+0 5B.00BE'BBB B.060E+BBB B.UBIE 000

105



COUNTS/PHJTON RAN6E=41 M DEVIATION
*GROUP LIBRARY C MEASURED C-11UG FROM MEAN

1338 .1E1 .8E1
8.011SE411S .16E1 8,EE481

loe1.832E-8 1 .871E-811
1.37411482 1.108E411I -.29E486

Oiq.836E-802 1 .883E-U1

B ~788 9.861E-81l3 1.111E496 .11E+8

.75E-182 4.46SE-162
6.551E-013 1.008EtU816-

611.812E-012 I .Bi6E-102
6.183E-01l3 1.161E+8 -.136E466U

522. 563E-84 1. 838E-063

sit 6,415E-104 1.111E+619 -,245EtBl1
l.835-012 i. 127E-662

5.2E-0 .8GE411 -.164E4169

418.699E-003 7.585E-883 285-1
5.371E-963 @AB8E+H@2.7E-8

40 ..WK9-812 4. 259E-82
38 1.179E-82 8.601E416 .12E+8

3. I58E-fl8? 2.21BE-112 716-9
l.j3E-012 1.101E48U7B6-

2I3.423E-01 3.212E-011
2.hhiE-112 1.800E81U 1.142E4168

2.209E-161 i.189E-181
1.786E-112 1.811E+622 4.395E-81

7. 68SE-812 6, 323E-012
7.735E-lU2 8.102E411U 5.41BE-011

75 B-N ". 4E-102
..IAAE-fl2 .88E2 2.348E-112

11:ZBE-82 ~ .54E-602
* l~~.810E-102 8.UGGE+811 .h2~

.312E-162
7.066E-W8 1.101E+818- 3Qt

6.26E-05 0.8EGI2.6E-l

* 8~.012E+109 2.001E4112.~E+8

0.9E+0 .ZllE+888 0.111Et88

106



COUNTSIPHOTON RAN6E:983 IIDEYIATION
G ROUP LIBRARY C MEASURED C-1111 FROM MEAN
1333

I. ISE+IhU 9. 835Es99
I.IIIE.I0I I.B69E+III 1. IIIE3S

lat !371E-Ill 1,477E-161
11.11E-112 1.101E411 -93E3

al7.7132E-112 8.075E-112

70 8.754E-93 
B3348

3.231E-612 3.662E-162
5.4E-0 .IIIE4999 -.776E4132

2.094E-812 2.784E-32
4.683E-083 I.IIIE+III -.149E+9ll

Si2
2. 727E-114 0.111E46I

p511 6.285E-124 1.601E+92 4.33BE-881
1.6&26E-082 2. 176E-182

7.641E-99 1.111E4SIl -. 719E+9I

411.457E-682 1.29BE-182
6.220E-113 I.IIIE4IIH 2.682E-861

400
3.qbqE-992 . lq3E-812

0 je 1 .364E-102 I.IIIE+I1 , 6I49

5.092E-012 4.199E-912
1.458E-101, I.IIE+III &.898-ool

299
2.317E-221 7.323E-ill

1.689E-102 1.068E481 -.391E-111

Is27. 645E-99 1 2. 688E-101t
I.9E12 *.3E'I 1.421E-811

i. 394E-111 1.5s29E-111
2.9VE-022 0.001E4129 -. 645E4999

.7.181UE-882 7.685E-222
1.969E-002 I.IIIE+III -.256E+III

605.1635-512 3.291E-162 11@+0
4r 1.8555-102 IfllI6E4986199+8

54B912 3. 7535-i22
1.221E-292 1.111E+899 -. 1895+9t1

So . 667E-0894 9.1119E411
1.685E-003 1.810E+Itl 5i.736E-911

5. 184E-815 0,9995+999
2.79SE-124 c.IaI4999 1.826E-021

107



CGUNTS/PHOTON RANGE=l24.5 M DEVIATIDN
GROUP LIBRARY C MEASURED C-1B11 FROM HEAR

.91E+Ill 0.11SEQ1 t11EI0.8B9E+fl9B 8.BBUE+*UU ~gE*~
9.933E-812 ;,229E-182

1,371E-B1 9.121E+B q.553E-B1
all

5.536E-112 t.112E-S12
B.8TBE-0V 0.801E+6 -.56E+800

3.07BE-912 2.533E-182
7.579E-03 1,611E+00 7.18BE-101

08 bEU '.'14RE-MB
6.297E-863 l.aalE4B 6,1I3E-0?2

12 2, 12SE-183
5 ,737E-104 .B92BE-M7

1.77BE-i2 1.283E-632
6.1'16E-113 @,001E+2823~E-B450

t.664E-g02 i.b22E-182
6,094E-123 0.1SEQ61B 6.921E-er,

4.167E-612 4.0BBE-182

%'@0 t.174E-192 B.00E+ 00 b,7Bb-B2
5.305-0 .BbbE-1B2

X'.4e1E-02 B.B eE+0B -.48eE+826

1.626E-001 1.941E-9011.951E-02 0.1010E411 -.i69E Ool

3.25BE-012 1.111E488 -.871E+10

1.4 9E-BI !.711E-11

.ebeE-BB2 0 -.79SE"BBB

?BE-111 1.146E-9I

;.4jqE-012 ;.261E-B12" (3E-BB2 2.U(BE* BB 4.586E-BB2

.7FE-602 4.4,4E-2
1.7[-2 2.1E+ge -.421E+00

:.3;5E-813 5.116E-3
L2.1BE-BIW K.PEBB -.124E+221

1.401E-117 1.517E-197
4.565E-217 O.BBE422 -,255E-001

01~22E+016 e.010E+BB

10 8
_______________________________________________________________________



COUNTS/PHOTON RANGE l6 I DEVIATION
BROP LBRAY C MEASURD C-1000 FROM MEAN

13 8.441E18 488USE111.UE+8
.888I~fue e.BE4SI1

Bo4. 356E-912 4.,696E-162
71 5.411E-113 6.11BE4IU -.62qE+UflU

2.719E-812 3.589E-182
6.696E-163 1.911E+112 -. 130E411I

2. 236E-182 1. 771E-112
6.855E-183 8.111E4USU 7.697E-91

527.361E-884 8.1811+181
19 .48SE-183 1.181E+111 4.956E-081
1. 666E-12 2. 527E-812

7.107E-183 8.118E+816 -, 121E4991
458

2XI3E-91B1 3. 77E-IUj~5.719E-~9 I.@@BE+i -.281E+191
4.1 4XE-1IZ 4,527E- Bil1.154E-112 1.81IE41+ -.389E411

5.991E-012 3.919E-18299

21 .241E-161 1.191E-1
1.291E-112 6.211E+111 4,017E-91

511.9~47E-881 1. 682E-91I2.672E-102 1.111E+811 9.S93E-ol1

1.476E-811 1.561E-881
3.141E-022 1.109E119 -.269E+111

75
* 82qE-II .0E-l
2.279E-102 1.121E41I2 1.328E+Ill

69

02.494E-102 1.91E41%9 -,664E4999
4E4. 597E-612 5. 745E-182

1.874E-102 1.188E41 -61E+l
39

4.412E-083 1.431E-13
4.847E-IOZ 1.91E+999 t.150E-flhI

4,045E-826 0.018E41I9
1.324E-115 1.800E4119 3.182E-921

1.900E4219 8.11E4129 2.118E410

109



COUNTSIPHOTON RANGE=245 M DEVIATION
GROUP LIBRARY C MEASURED C-1829 FROM MEAN
1331

2. O9E+lflf e.6flEflfl 0,eeeE+fle
Itn

3.84EE-102 2.761E-102
4.757E-03 1.18E+8I 2.285E602all

2.498E-812 2.942E-882
4.637E-3 2.002E+611 -.95SE4U

I.627E-812 1.667E-6024,192E-09'j 1.010E411 3.9e4E-201

1.655E-182 1,595E-882
3.388E-163 0.008E+201 1,775E-001

512
5.256E-014 0.008E48-

1.134E-213 01,12E+08 5.197E-111
1.447E-812 1.799E-112
4.785E-03 0.109E+1 -.715E+601

1.3W7E-002 1.651E-182
5.414E-103 0,001E4119 -.637E+IeZ

429
3, 312E-282 3,382E-182

0 0 .aeSE-803 0.00E+000 -.711E-001

4.237E-002 4,73%E-162
1.702E-412 0.010E+11 -.299E4 59

220
6.576E-032 1,15E-0611.483 E-002 0,081E+001 -,234E I01

2.141E-022 2.000E+*il 2.424E-112

9.53!E-1l2 a.574E-112
2.1qE-012 0.001E4112 4.55SE-219

8.131E-182 9,31qE-eB2
1.836E-102 1.129E+42 -.641E1000

i.145E-902 1.065E-01
r' "2E-002 0000E+000 -.594E+001

4,72ZE-022 2,791E-192
24 E-52 1.098E+800 8.561E-001

7 .i65E-213 5.713E-913I
2.40l7E-Ifl3 e.SeSE+ 0N -,11E8 :

7.61BE-115 1,061E41S8
.75IE-04 0.001E+080 2.77BE-101

2.921E+612 0,006E+11.0 8E+1.0,0E 0l0 8.008F4000

110



COUNTS/PHOTON RAN6E=333 M DEVIATION
GROUP LIBRARY C MEASURED C-IBS FROM MEAN
133

8.001E+681 0.685E4610.08E+68 8.828E+080geeE~e

1.979E-112 1.561E-182
2.619E-113 8.111E4119 1.612E ll

Sao
1.271E-862 9.311E-183
2.723E-803 8.8E+888 1.249E+880799 1.19DE-012 1.27BE-182
3.IB1E-123 8.1%E+Ill -.251E+116

1.181E-902 q.182E-993
2.934E-983 8,980E+888 8.94B8-981

512
2.347E-914 2.149E-194

5.322E-124 8.811E4199 5.601E-102

9.407E-83 6.35BE-183
3.681E-93 8.899E+196 8.315E-961

459
8.584E-813 6.116E-963

4.224E-883 0.1919+949 5.651E-811
499

2.312E-812 1.882E-802
0 7.014E-693 1.10E+911 6.141E-91

3.213E-682 4.631E-182
8.929E-93 29.10E+191 -.159E+91

299
3.632- 2 3.927E-612

1,163E-6%2 1,121E+218 -.284E+102
159

7.143E-802 9.261E-162
1.523E-112 1.119E+Il9 -.693E+99199

6.537E-062 !.217E-162
2.3861E-12 0.999Et999 5.546E-081

75
5.41@E-112 3.658E-902
..952E-62 89.18E+819 8.971E-991

b.494E-512 7.672E-182
2.269E-112 1.66E.999 -.519E+l9

45
3.618E-992 .648E-962

1.165E-102 9.199E+Ie -.396E+118
30

2.014E-313 2.559E-893
0 1.61-6E-11 1.101E+118 -.332E+00

29
6.961E-016 0.016E+119

4.184E-995 1.01E+411 2.142E-991
12

i.609E+221 0.9998+999
0.020E+020 1.0018E412 9.9998+999

O11



COUNTS/PHOTON RAN6E=390 M DEVIATION
GROUP LIBRARY C MEASURED C-110 FROM MEAN
133 8.08E+888 I.DlEf+111

tel .101E421! 6.181E411 0.111E411

t. l5E- 82 1,242E- 82 e
1.852E-8B3 1.111E+UI -.344E+Illae

;.126E-893 1.31DE-612

S0.e 1874E-013 6.111E+411 -.216E+81

76

7.472E-63 9.352E-113
2.896E-663 1.10UE+IlS -.651E+lll

bit
8.631E-663 7.453E-103

3.169E-263 6.11E+11 3.717E-101
23.057E-014 21SE-6015
4.752E-64 0.11E+16 5.979E-1l1

516
7.473E-603 q.721E-083

2.436E-103 1.11E+46 -.924E+Hl9

67.59BE-26 9.041E-813
2.481E-003 0.110E+8 -.249E+Io

1.496E-162 1.319E-0124.576E-103 2.098E41 3.644E-If2
Soo

4.135E-N2 1.752E-62
4.750E-103 0.008E411 8.175E-91228

2.109E-962 2.364E-162
4.64SE-603 0.666E+966 1I.61E+811

156
4.6q@E-662 5.671E-162
1.92E-62 6.00E+11 -. 962E+66

160
439E-812 4.412E-112

1.4'14E-002 1.208E+912 -.64lE+882
49

2.482E-812 ^,.391E-182
8.229E-003 0.009E+900 1.117E-O2

1,67648E-013 3.859E-684

1.62E-001 1.000E+002 8.256E-021

4.7 qE-286 1.69001
1,960E-205 2.000E+012 2.2j9E-001

0.010E+Zee Z.e lE+lll
.122E+119 0.202E+O .66E80

112



COUNTS/PHOTON RANGE=25, M DEVIATION
GROUP LIBRARY A MEASURED A-lit FROM MEAN
1339

a.011E+808 8.8E4989
2.006E411 1.101E+181 0.116E+18

c.P40E-812 4.66BE-882

,143E-0%2 1 .541E-062

70 1140E-W3 8.100E91 1.318E+91

; 47E-001 2,528E-001
0.000E+91 1.297E49911

Li.16E-002 500+0
.092E-903 0.111E+192 1.164E9211

512

1,479E-022 I , 18E+100 1.835E+918
510 .6E02 99@+0

1.158E-flW 0.101E+810 1.641E+91
450

i.471E-062 5.716E-083
1.437E-913 0.181E+116 1.323E+821

420
7.068E-602 1.087E-Iii

2.504E-113 1.000E461i -.151E+812

6.1~54E-00': 7.729E-111,
L760E-917 0.011E+19 1.951E+~1

~.21E-T 1.180E+110 -.957E+81I

9.52SE-002 104-1
2 8E90 .110E420 -.471E+81

1. 492E-082 21.235E-662
1.5 3E-17 0.000E+800 -.466E+91

2.98B3E-102 i329E-102
4.971E-004 0.9B0E+9o 7.767E+286

-02 3,929E-002
!,'19E0 .100E+011 -. 114E+112

I .52E-~B2 3.507E-603
1 .1 14E-107 9.000~E410 1.017E+91

i.6tH-04 0.0@E0002.359E+116

0,000E~oo . 0.E+008
0.0HE000 .00@E000 .009E+618

113



COUNTSIPHOTON RANGE241 N1 DEYIATION
GROUP LIBRARY A MEASURED A-186 FROM MEAN
1338

I. 888ESU I.IIE41 118 M

1.441E-113 1. IUE+Ih8 -. 716E+Ill
Bit

2. 664E-612 1. 473E-812
1.137E-123 I.IIIE+%18 1.167E+l

788
2. 449E-861 2. 475E-101

2.425E-103 1I88E+III -. IIBE+Ill
612.253E-882 4. 44BE-012

1.454E-113 I'llIE88 -, 159E482
512

1. 437E-681 1. 149E-801
1.951E-113 1.101E+Ile 1.553E+11

518
3.117E-662 5.312E-882

1.474E-883 I.%IIE+III -. 149E+112
458

3.,306E-92 5.9q69E-192
1.45SE-103 I.IIIE+III -. 182E+102

400
8.656E-012 7.914E-117

2.77BE-113 9.11@E+I89 2.117E+888

; .43GE-892 4.971E-802
2.961E-113 1.110E+Ill 1.519E411

288
1. 215E-111 1. 417E-681
3.251E-123 I.IIIE+III -.621E4I91

158
1. 21@E-611 1.233E-l1

3,963E-163 1.188E+Il -.83BE.898

4.543E-662 1. 128E-82
2.919E-113 8.111EQ888 9.984E+III

75
3.813E-612 5. 14@E-183

1.998E-213 I.IIIE+898 1.25@E4881

2.9~34E-812 0. 810E+001
1.945E-113 0.101EMI8 1.509E.88

45

1.109E-013 1.81IIE+98 1.424E.981
30

7. 779E-004 9. 88E4816
1.49SE-804 1.801E+186 5,192E+Ili

2e

1.227E-885 98E488 1.311E+Ill
10

0,0868E+810 Z. 99E+891
9.000E+08 0.801E+809888~

14



COUNTS/PHOTON RANSEz83 hi DEVIATION
BROUP LIBRARY A MEASURED A-1ll FROM MEAN
1339 -

8.9E+616 0.181IE+116

aIll

2. 122E-812 5.235E-162
71 8.789E-114 1.881E+111 -.354E+062

1.677E-561 1.122E-181
2.141E-183 1.IIIE4ISI 3.212E+91

663,517E-002 4.3912E-
1.845E-803 0.1 IE+116 -. 473E+681

512
6.76BE-882 l.c65E-l1

51 1.424E-063 V. 161E+118 -.483E+662

'.923E-812 4. 359E-662
1.714E-113 0.081E+211 -. 254E+81

45a
4.106E-682t 6.78BE-183

1.897E-003 1.101E+111 1.752E+91
422

1.021E-811 8.61BE-162
a.537E-813 1.220E+128 4.531E+211

~j.1.26BE-811 i.216E-%62
1.851E-103 0.60SE+999 6.791E+188

220
1. IqBE-611 2. 15BE-l1

3.652E-001 1.011E+11% -.26@E+812
159

1.644E-011 1.72BE-601
4.377E-103 0*999IE419 -. 175E+91

7.309E-002 0.601E+808
3.82SE-113 1.111E4229 !.989E+91

75
4.653E-102 4.,165E-082
2.59E-013 0.001E+612 1.821E+811

62
4. 59E-112 9. 999E+99

2.788E-113 1.108E+919 1.647E+91
42. 174E-012 9894E-183

2.126E-101 1.116E+060 6.141E+111

1.177E-611 8.834E-084
4.379E-014 2.011E4169 1.234E+111

22

9.1119E+111 .11E4161.0B4

115



COUNTSIPHOTON RAN6E=124.5 M DEVIATION
GROUP LIBRARY A MEASURED A-1ll FROM MEAN
1338 9. lhSE ll 9. 9hlE~l~l

1.118E+ll 1.081E4199 1.018E+612
late

2.633E-812 2.414E-182
8.987E-694 1.811E411 2.443E+112

8l
1.573E-622 6.935E-103
6.613E-124 0.1GlE4ll 1.128E111

799
1.IBIE-l1 1.814E-9l

1.869E-023 1.161E411l 8.953E+88
699 3.285E-92 3.219E-ll2

1.219E- 3 0.981E4119 5.444E-181
512 5.572E-812 5.375E-192

8.991E-884 1.89E+911 2.435E+*13
3.76E-562 4.48DE-812

1.477E-993 1.189E+89 -.4&2E+llI
45%

3.674E-682 1.895E-652
i.415E-113 8.89E+Ill 4.91E+991

408
9.565E-682 6.qgE-982

2.786E-113 1.18E+21 9.352E+391
1.351E-li! 1.311E-181

4.157E-213 2.811E416 1.189E+999
299

1.163E-881 1.288E-801
J.652E-183 1.121E4129 .341E+Il1

I 591.784E-611 3.962E-112
6.146E-083 8.001E411 2.163E489I

too
1,682E-811 1.321E-181
5.513E-883 0.8E+8 -.433E+881

7,.551E-812 .111E-1gl
3.734E-99 3 l.999E+9 -.1125E4648696.6SE-882 6.523E-162
4.221E-103 '.88BE+999 3.931E-991453.289E-882 1.854E-082
2,477E-013 1.811E+811 5.473E4999

2.636E-883 
2.63BE-915

3.965E-004 1.881E4899 5,68E+999
3.814E-616 1.g10E+Ill

2.71SE-816 1.81BE+999 1.413E+611
1 .1898.E+89 9 . 0E+888

0.211E+611 1.101E466 9.181E+881

116



COUNTS/PHOTON RAN6EzI66 M DEVIATION
GROUP LIBRARY A MEASURED A-111 FROM MEAN
1339

1. 681E+868 6.681E46II
1.189E468I 1.122E418l.hE41

1. 914E-082 I, 67SE-112
8.086E-114 1.81E4229 2.91NE49

Sig
1. 127E-802 7. 346E-183

7.147E-124 0.9E+999 5.567E+999
718. 123E-812 7.357E-112

1.23BE-213 *.11GE+999 6.187E4819
611

2.898IE-812 3. 546E-162
1.153E-113 1.911E4969 -.632E+Il1

512
3.555E-812 6,916E-892

6.127E-124 1.18SE4I -.557E+12
513.51 4E-182 1. 7741-ofi2

1.112E-113 *.0 %E+U9 1.737E+ll1
45,

3. 432E-112 1. 711E-112
1.315E-883 8.861E4912 1.327E4191

419
8,816E-882 1.23@E-I1

Jo 2.741E-823 1.111E4191 -. 127E+012
1.234E-811 1.167E-111

3.89SE-003 0.10UE4l91 1.714E+US9
289.955E-612 5. 716E-882

3.943E-813 1.19EtUU9 1.175E.991
152

I. 635E-001 1. 92DE-881
4.787E-183 8.181E4999 -.595E4991

to1.172E-911 3.14SE-loi
5.976E-063 2.91E+ 1.435E+Ill

75
7.679E-112 BE-1
3.669E-003 ClHes.999 1.323E+UI

8.765E-892 5.44BE-112
45 5.365E-113 6.821E4991 6.183E929

4. 260E-662 1. 156E-182
3.529E-013 1.101E4869 8.797Et999

2.912E-803 8. 799E-93

29 3.745E-014 9.101E4119 -. 157E1922

9.931E-107 0.199E4119 1.751E+000

.11E+001 9. 911+l .1E9

117



GROUP LIBRARY A MEASURED A-ISB FROM MEAN

I.|¢l~lll . BDE+93S
BBSSE.IGS SUSE+BBG S,SSlE~Se10n

,,PqBE-012
3,92E-124 0.008E491 -,6gqE1g1g

B6.137E-803 9,921E-153
3.696E-804 1.161E+111 -.102E+112

4.007E-802 3.466E-082
q.661E-004 0.801WH 5.595E+00

2.041E-692 3.192E-162
2,33bE-104 0.00E+02 -,138E+92512 1.438E-012 7.156E-883
Z 573E-114 0.010E486 2.121E+861
.S52E-0B2 I. BIE-U82
2.9S2E-e4 1.U08 E02 1.427E+11I

459
2.371E-012 1.774E-182
8,396E-004 6.001E+000 7,186E+888

400eO 6.089E-002 :.3B2E-6B2
2.23qE-0eV 0.086E4MUB 1.656E+981

'.273E-BB2 4,36SE-682
'3.549E- 00 2.10IM1O 1,32E+e2

.492E-002 7.793E-0121.851E-003 0.001E+000 -.702E+001

.2q2-001 7. I3E-BB2

4,16SE-89: Z.000E+111 1.274E*001
9,04E-002 1.012E-BS1
3.56E-B0V 2.001E+211 -.262E+C1

7.496E-aB2 2.115E-902
7,514E-3 0.0B0E+zeQ 7.1eIE4e1

8.839E-002 :.5lE-103
5.567E-W3 ,0E+100 1.543E+WI

4.721E-892 7.747E-192

,. SE-B) 2.BE00E410 3.623E+116

4.114E-B3 1.717E-065
;,34bE-004 i.00BE422 4,405E+122

I.:34E-6B9 0.001E481
7,773E-117 0.0eB1E418 1.97E+119

10

11.8

| I ii . . . . . . 1 i • i • . . . . . . . . . . . . . I I . . . ii i | i -- i l, - -



COUNTSIPHOTON RANGE=333 M DEVIATION
GROUP LIBRARY A MEASURED A-111 FROM MEAN

B. SBE 9l L.UUSE+lBB

5.488E-S13 7.323E-183
2.168E-'24 1.121E418f -.846E+Il8gB 3.583E-803 4.636E-883
2.155E-114 1.181E411 -.525E+l9l

712 7 .985E-682 2.539E-612
4.154E-114 0.111E426f -.133E+1 2

612 1. 132E-012 5.323E-663
4.624E-114 0.1hE46% 1.296E+llI

512 5.48E-N3 6.312E-683
2.491E-884 9.NlE+Ill -.336E48lI

512 1.485E-882 2.442E-883
5.977E-164 1.121E482 2.876E+lli

456
I. 346E-182 6.gB6E-8l3
6.769E-884 0.111E48%l I.91E+ll

409
3.959E-162 1.445E-682
9.671E-04 8.111E+681 2.619E+Ill

6.388E-912 7.857E-062
5.677E-013 0.101E462 -.25BE+ll1

222
4.249E-N02 3.137E-112

1.816E-003 1.121E481 b.153E+l

8.336E-612 9. 16BE-182
3.112E-23 1.111E412 -.268E+SIl

6.455E-082 7. 899E-182
2.471E-B13 0.111E48%l -.584E+Il

6.147E-112 5.174E-182
4.2%IE-013 1.888E411l 2.315E+Ill

6O 6.48E-212 I.99E-811
3.756E-103 0.181E488 -.119E+112

3.186E-082 1.011E-B2
2.177E-013 0.801E49 9.993E411

2.376E-O3 7.863E-814
4.584E-084 1.911E411 3.531E4119

5.473E-186 0,08EQ166
3.396E-116 1.801E+l99 1.656E411

6.008E+681 a. allE48

1.111E119 1,80E+iU 1.611E+110

119

119 ,



COUNTS/PHOTON RAN6Ez28. Mi DEVIATION
GROUP LIBRARY 6 MEASURED B-l8u FROM MEAN
1318106318 00866

1.016E+816l 9..HSEBS

0.10SE498 6.111E+61 0.196E+111
866

0.086E865 0.80E+689EU

1.06E+888 0.0006E+66

1.001E411 0.006E410

0.0066E+116 0.0068E+26
2,110E4116 2.001E+111 1.181E+821

8.16E+818 0.,081E46
O.W6E+218 1.80E+012 0.18%E+16

7.941E-012 7.57BE-161
1.832E-183 1.691EIII 1.181E+111

;.463E-08l2 4.7034E-002

440-1.93%E-963 9.006E+116 2.657E+121

2.05E-23 1.0I~ill1.192E +61
201

6.606E-011 6.261E-61
3.61E-007, 1.001E+920 1.1126E+861

1 56
1.759E-611 1.593E-001

7.626E-093 0.001E+011 2.175E+611

3. ,74E-002 Z.585E-082
: .743E-003 0.001E4'010 2.147E+Ile

,5 ~h-013 0.010E4186
1.9139E-00') 0.802E+000 3.937E+810

2.097E-004 e.002E4666 2.051E+118

2,0002E+118 Z, 66BE+000
e.ae2E+@o1 1.000E+290 0.000E+111

?,e0E+290 e. 66E46
2.2E+0 .telE+008 0.061E+001

6.666+666 0.608E+111
0.009+0916.901E+16

6. ~BE~B66 e. 666E+081
0.00E+2e Z.00E+e2 .000E +0@1

120j



COUNTSJPHOTON RANGE=41 M DEVIATION
GROUP LIBRARY 9 MEASURED B-Il FROM MEAN
1338 1.9UI1E+1I1 1.98IE488U

1.880E88l l9IG9 .I+9
1998

111 .101E488 .9E88999+u
.6+

0.IUE+91 1.1lEHl8 1.1EIE+99
788I 1.01E+19 0.08E+66

461. 48olitg a10. E4210.1S41
8.888E+888 8.889E 666 9.186E+998

51 .801E49l1 1.908E411
1.881E4l88 1.801E88 888E88512
.82E421 .E .E+884

518
0.99E666 .89E~88 .98EU9

4584 5 .4 6 1E -8 82 1 .3 4 3 E -l ij a1.477E-123 9.12E 3.465E4991

498 7.946E-112 5.296E-882
2.116E-113 1.121E4119 1.315E llI

380S S 4.009E-082 1.94BE-993
2.467E-113 1.111E4891 1.551E4911

28g
5.425E-881 .267E-llt

4.698E-8 3 1.18E841 3.360E1G8158

2.726E-01 5.325E-181
6.147E-103 0.181E4118 -.429E+192

188i 7.534E-882 1.657E-16I
4.332E-113 0.201E488 -.781E481

75
3.223E-882 e.898E+891

4.123E-113 1.021E48 7.815E 889

1.845E-012 8.81@E+888
2.098E-8 3 1.181E4881 4.97E+Ill454 2.861E-613 0.188E4881
7.184E-114 0.101E82 2.66E48 l

7.q4E-115 5.011E481I
6,91E-185 0.101E4129 1.311E+998

29 3.891E-816 0.16SE81
3.891E-116 1.18E492 1.161E4811

p 18
1.801E4118 0.008E48
1.806E128 t.200E 888 6.861E+12

121



COUNTSIPHOTON RANGE:83 M DEVIATION
GROUP LIBRARY B MEASURED B-101 FROM MEAN

0.86E+11 0.80E811

.01E411 .11E4 120,0841

el .651E-@15 0.BBSE4S

70 .651E-105 0.888E+011 1.111E411B
0.981E+911 0.000E+Ill

51 .009E416S 0.900E+161

512
0.010E+611 0.011BE411

414. 199E-602 3.922E-182
I.IIIE-103 2.00RE+BBS 2.497E+116

6.41E-12 7.57E182
.43E-523 .007E552 -.741E+151

4.505SE-882 3.N7E-102
2.153E-083 11111E411B 4.342E+881

3.55iE-011 3.16BE-101
3.248E-123 1.001E412B 1.511E81

113.40BE-021 !.847E-881

I B 4.411E-027 0.102E411B 3.546E+S1
1.626E-011 ;.1B1E-012
6.047E-OZ3 t.000E+011 1.183E+SI

.431E-00Z 0.00DE4BS 3.871E+618

5. ~:i-B52 0.008E188
.75E-B3 1.102E+000 1,439E+111

I. 71SE-552 3.010E4BBS
2.1I42E-203 9.10E+010 8.029E+Ill

~. ?;2-554 0.010E411
965E-WB Z.000E+BSB 3.397E421B

i. BBBE+110 ?. BBE+lll
it .100E+Ige 0.001E+010 0.000E+818

2.000BE+098 e?. SBE+ozo
2.00E+2Z t.0K+02 .12BIl 55

122



COUNTS/PHOTON RANGEz124.5 ti DEVIATION
GROUP LIBRARY 0 MEASURED B-18l FROM MEAN
1339 .8E58 1.1E21-

loo .USE6 . 0E+120111+1

al9.1681E+088 1.0161E4116

1.81E611 1.9E+6 991E+9
8

1.968E+618 1.015E119
1.01E~9 991E+161 8.U82E+191

792
8.968E+111 8.58DE+999
6.018E119 8.101E+911 8.111E411

2.008E+161 1.162E+118 1.811E+118
4582

.67E-114 .91E+ .21E88
419

.47E113 .111EE11 -63+1

4.784E-112 6.8bE- li
2.829E-183 9. all+19 -.718E+111

499
4.2825E-181 .5.9E -992

2.91@E-113 6.121E+111 -.255E+182
IS 3 .1 4 -1997 J -1

Il .862E-811 1.824E-181
8.813E-113 9.8819E+118 4.282E-211

75
1.167E-611 5.74 E-I2

8.127E-123 9. 168E+199 7.99E+91

2.9E-1 1.1E9l ,16+8
30.18E-963 5.824E-99l

5.854E-124 1.80SE499 4.479E-991

1.382E-91 5.5411E+161
3.36SE-126 8. 111E+811 1.476E+611

to011E68 6,8E5
8.18E+886 6.661E+218 6.10SE499

312

3.~~~ 
~ I5E83 

538-9



COUNTS/PHOTON RANGE=166 M DEVIATION
GROUP LIBRARY B MEASURED B-100 FROM MEAN

I;3
.6E+. E+868 1,51E+81

0-18E+611 eIUE+8

808
0.631E4661 0.080E+18

788
8.01E+318 0.08E461E
e-.1E+111 0.000EQ966.886E+838 6.888E+668 8.888E+888

700

7.029E-005 Z,0.0E+466
7.029E-005 8.0 E+ooe 1.18E+000

0. 68E+68 O.000E+88
9.222E+000 9.091E+122 0.010E488c

O.868E+211 Z.Z0eE+0@0
2.102E+121 0.202E+010 0.100E4218

1.621E-012 L.BSE-0624.68bE-884 8.800E*88 -.274E+002
400

3.5bSE-ZO2 3,.175E-0%3
1.293E-03 1.00@E+%%1 2.513E+101

4.356E-8017 4.3bE-102
1.944E-003 0.000E4118 1.643E+108

1.492E-011 1.404E-101
2.542E-03 0.001E+112 3.458E+10

2.427E-081 2.567E-061
4.961E-127 e.eelE+010 -.283E+81

:68
1.,757E-81 :.096E-001

o.144E-103 0.090E+020 -.217E+012

i.37bE-661 ,. :E-081

A21.E-02 " .800E+806 -.137E+112

1. 2~E-61 '. 75E-0062b~Al:E-86: 8,868E+681 .801E+881

2.24EE-+02 :10+E-082
.467E-83 6,801 E+606 6.419E+011

a.316E-683 t, 12E-664

4.33E-084 0.202E+222 8.441E+112

"6702E-8Ob C.CUE+1112.214E-026 *.i00E+688 1.220E+00t
p ~.~8Et688 .92E+OZ2

.0E+OO Z.00E+008,000E+88)

124



COUNTS/PHOTON RANGE=245 M DEVIATION
GROUP LIBRARY B MEASURED 8-180 FROM MEAN
1339

I.751E-115 9.118E+198
1,709E-05 0.111E+812 1,899E~999

l .99E*9t9 0.021E+681
0.800E+111 1.811E+111 1.801E+811

892
20 .901E489 2,0SB991
0.109E499 0.601E499 1.101E+111

709

512
09.66E+611 9,999E+989 9,09E+499

9.01E-460 8.111E+011 1.181E+121
5 1, 9 E-9 9 0 .0 E+8 1.989E+919

51 0 23-0 8.01E+5 ~ ~ b+0

8.010E-111 8.098E+118229E8

450
6.888E-613 6.317E-813

3.294E-124 0.881E+111 1.711E+111

1.753E-812 i.097E-683
5.926E-084 0.001E+20 1.424E+01

2.65E-912 2.176E-082
1.191E-103 1.800E+900 3.980E+12

6.;48E-112 5.68E-082
2.123E-393 0.101E+1 6.bbE+918

1 .379E-611 6.524E-162
3.261E-103 2.900E409 2.229E+111

1.IIIE-591 1.733E-611
3.399E-093 1.108E+12 -.182E+112

9.;30E- 12 B.86BE-62
Z.835E-03 8.010E+111 2.791E+118

60

4.555E-213 0.111E+999 -. 425E+112

5. 87SE-012 7. 593E-91'd
2.641E-023 0.200E+000 -.616E9611

4.014E-024 0.202E+121 7.352E+111

125

1-0

2. 92E+89 0 229+BB



COUNTS/PHOTON RANGE=333 M DEVIATION
GROUP LIBRARY B MEASURED B-102 FROM MEAN

loo .01E+111 B. BBBE1101~
0.00E11B 0.01E481 B~E~B

0.110E+100 0.106E+111.~6~f9

0.008BE+611 0.008E+118
70 .802E+MB 0.001EQBS9 2.001E+111

0.000BE+81% 0.008BE+111
0.000E+228 0.01eE+Z@ 011E+1

0.002E+061 3.006E+161
t12 BEBB 0.N*B .019E+102

510

9.006E+881 BeBEB

459
.15b3E-823 9.020E+BBB

41 2.68@E-204 0.111E+02% 1.267E+161I

7.844E-011 0.030E+016
3.485E-004 0.100E+011 2.265E+f1

1.467E-012 I.728BE-012
20 .58IE-MD 0.801E112B -. 251E+111

236E-0112 ~ .765E-162
IS 1262E-09Z 1.121E+200 5.602E-101

6,886E-812 4,971E-112
to 2.645E-103 2.00IE4BB 7.242E+116

t5.934E-192 i.615E-012
75 1.438EDB 0.060E+211 -. 114E+112

4.870E-812 t.50BE-2
to 2.237E-803 1.002E+216 -.732E+811

6.996E-D2i ;.761E-182
45 ).705E-00') 0.200E+161 -.746E+111

4.OBIE-112 t,175E-B2
30 4.777E-103 e.102E+010 -.438E+881

31.007E-063 O5.ebE-185
:0 .63BE-004 O.MBE+000 6.374E+110

6.25@E-006 0.001EMIS
4.07BE-006 0.000E411B 1.533E+811

i.001E+81B a.001E+121
~.B~lE.BB .000E+00e 0.001E+109
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COUNTS/PHOTON RAN6E=28. N DEVIATION
GROUP LIBRARY C MEASURED C-182 FRO% KEAN

1.88BE B! .OOE1

8,888E+89 *.UIUE+Ill 1.188E48l
2.25E-8811 2.486E-il

2.646E-6. §I0E411 -.761E411
IItIE-88I I.II6E-8l
1.779E-H3 I.868E+98 2.618E-11

3.111E-882 2.685E-812
L.116E-13 8.111E48 3.211E+8Il

688
8.79SE-113 7.846E-83

8.631E-104 1.111E426 1,199EM181
512 4.417E-884 1.888E+188

1.912E-014 1.188E +81 2.323E481l
512

6.83SE-813 8.279E-103
7,795E-114 1.806E4818 "14E+,l1

451 5.911E-163 1.O0E+U
6.914E-114 1.2181,418 9.551E416g

4 I .296E-862 7.82 3E-162
1.474E-183 9.121E48 -.388E+112

.BE-12 1,08SE 11, b38 2E-1123 .01E+111 1.286E+Si

4.16BE-811 4,831E-181
3.31BE-023 6.861EM888 4.133E4888

I 58 1.536E-001 1. 88E-lit
3.963E-803 1.111E+112 1.332E+Il

4. 689E-82 1.811E4188
2.241E-113 1.811E411l 2.092E4l8175

8.653E-513 2.BIE-812
1.316E-103 1.121E+881 -.147E+002

bB
2. 327E-813 8.888E.888

q.576E-104 0.110E+111 2.43SE |ll
45

3. 638E-884 8. 088E.888

2.967E-84 1.181E+812 1.226E828
l .116E4188 

,.18BE4 8

1.811E4ZI 0.081E 81 8.111E411

18 .868E+010 0.011EMI8
0.110E+eil t.01ZE42E 1.118E+I88
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COUNTS/PHOTON RANGE=41 M DEVIATION
GROUP LIBRARY C MEASURED C-188 FROM MEAN
1331

0.008E+881 8.119E488U
9.881E+Ill 0.01E411 2.1CE+3 2

I,832E-861 1.409E-881
2.509E-223 0.101E482 1.b86E Il1

Boo
9.836E-012 B.625E-162

8.61E-23 0.080E+401 7.484E49227SIe
3.375E-812 2.502E-682

1.16E-223 0.801E+02 7.301E+100

I.812E-62 2.134E-882
1.129E-093 0.101E421 -.285E+Ili

512
,.563E-884 0.001E461I

1.!71E-004 0.10%E+000 2.188E+209512
1.035E-012 1.499E-002

1.028E-013 1.002E+08 -.451E+101452
9.b99E-183 '.311E-682

42 .805E-004 0.101E4132 -. 146E+812

2.909E-812 I.W26E-112
30 2.061E-863 1.691E4112 4.867E+Ili
3.15SBE-612 0 000

2.444E-003 0.021E+02 1.292E+221222

3,453E-611 3.312E-081
3.855E-003 0.006E+01 -.119E 102

151
2.20qE-861 2,041E-11

5.086E-023 0.000E+009 3.289E+661

7.E25E-O22 7.10BE-021
4.9i4E-223 0.021E+019 1.411E+22

75
-980E-12 Z.00E+07 E
2.014E-293 0.800E+102 2.465E+Ili

3.8E-012 . OE+000
1.844E-00. 0.002E+010 7.091E+820

2.022+2202. 662E +110

2.000E+000 1.348E+010

.B00 BOB 0.E001%BEBO
0.000EE011 0.00@E 0002. 222E+222 22
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COUNTS/PHOTON RANGE=83 M DEVIATION
GROUP LIBRARY C MEASURED C-1l0 FROM MEAN
1 3 3 0 4 -1

1.111E+181 1.1E91EQ1 1.18UE419
1399 1.371t-el1 1.116E-331

2.126E-063 1.819E+ll 1.752E+9h1699 7.i32E-682 7.477E-112
1.59BE-113 1.881E+Ill 1.592E+111799 3.231E-012 3.946E-182
1.112E-113 1.690E+118 -.786E+ 11

699 2.194E-082 2.871E-182
8.484E-164 1.101E+918 -.924E+11

512

2.727E-084 1,110E4131
1.14E-314 1.886E+1 2.376E 000

51
1.626E-112 2.347E-062

1,395E-103 1.IE+I -.517E+661459
1.457E-12 1.611E481I

1.136E-013 1.H1E+335 1.283E+351492
3.969E-012 5.419E-03

2.491E-1 3 1.811E+111 1,376E+291

5.082E-812 7.799E-882
2,662E-93 0.01E+800 -.112E+92

293
2.317E-681 2.853E-991
3.182E-03 1.181E+912 -.173E+202

159
2.645E-111 2.247E-881
5.811E-13 1.981E Ill 6,949E+9I9

1ot
1.394E-h1 1.335E-I91
3.28E-3 1.01E+12 1,536E+I l75

7.181E-812 1.862E-lS1
3.596E-183 1.111E11 -.381E+662

63 5.183E-162 0.819E461
3.387E-83 0.l39E+93 1.531E+Il145

1.548E-12 0.08BE 00!
2.227E-123 S.00E+00 6.951E+l33

9.667E-814 0.86SE+353
3.177E-114 .101E+118 3.142E+l9

235.154E-015 0.888E411
5.104E-185 8.881E+8H 1.881E+818

11
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COUNTS/PHOTON RANGE=124.5 M DEVIATION
GROUP LIBRARY C MEASURED C-il8 FROM MEAN
1338

0.001E+496 0. 1E+h81

9.933E-062 9.438E-0l2
1.346E-183 1.111E+111 3.677E+112

219 5.596E-02 4.833E-162
1.621E-023 0.09E+11 4.714E 111

719 3.07BE-002 2.036E-l2
1.384E-013 0.010+E41 7.533E+111

2.386E-002 1.574E-iS
1.133E-013 1.011E+0l9 I.97E+Uf1

512 5. 999E-0B4 0.600E+81
5 t 177SE-104 0.001E+112 3.375E+111

511
1.778E-002 5.567E-882

1.12SE-13 8.111E+11 -.336E+112
450

1.664E-012 3.428E-l12
1.113E-093 1.881E+112 -.158E+112

4994,04167E-002 2.396E-862

2.143E-013 0.01E+611 8.265E+111
390

5.305E-862 4. 756E-892
2.556E-813 '0.10E+612 2.151E+111

299 1.626E-881 3.247E-881
3.378E-123 0.01E+111 -.490E+102

159ta2.48PE-011 1.687E-801

5.844E-003 0.221E+911 1.357E+111
1.499E-l01 4,121E-002
4.862E-993 0.000E+081 2.235E+611

1,008E-Do1 2.625E-p1o
4.749E-093 0.001E+111 -.341E+112

9.419E-002 1.8bE-001
6.3K3E-3 0.101E+0t -.140E+002

3.87SE-862 7.645E-882
2.416E-107) 0.01E+211 -. 155E+022

2.395E-013 0.008E+111
7.qBE-004 0.091E+000 6.917E+111

I.401E-017 0.0000+21 2
8.734E-009 1.000E+122 1.681E+818

i .010E+10, 0.000E4819
,@ +. 1 3+02 0.0E+811
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COUNTSIPHOTON RAMSE2166 M DEVIATION
GROUP LIBRARY C MEASURED C-11l FROM MEAN
1338

9. 8l9E4ll 8. UIEll8. lllE+l

7.19BE-6l2 1.257E-111
1.332E-lis 1.1811+119 -.5914E1112

4.36E-12 4.579E-182

71 .66E-84 8.81E41 llE+l
2.71E-82 3.41E822.1E~l

2.2366E-182 2.3724E-162
1.166E-183 8.111E+819 -.I1E+lll

512

1.666E-12 1.114E-182
1.28E-113 0.818E+111 5.114E4118

488
2.031E-812 1.9E-102

Je 2.116E-103 6.101E411 -.225E+192

5.9qIE-812 1.263E-112
3.124E-13 0.111E+lll 1.514E+881

288
1.241E-861 1.532E-l1
2.'356E-13 6.IIIE4lll -. 123E+112

150
1. 947E-111 I. 395E-ll

1. 476E-111 6. 355E-112
5.734E-883 6888lE+888 1.46bE+l

75
1.1829E-301 2. 417E-182

4.161E-113 1.1l8E+1l8 1.894E4881
68

1.06BE-111 1.314E-181

45
4.597E-882 1. 787E-082

3.421E-013 88IIE+Ill 8.215E+81
38
24.412E-813 1.192E-83

8.852E-914 11111E+181 3.639E4888
4.045E-116 9881hE+101

2.381E-086 1.111E4188 I.699E~llI

1.08E18 0838E411I
1.016E+Ill 1.118E81 8.01IE4ll

13 1



COUNTSIPHOTON RANGE:245 M DEVIATION
GROUP LIBRARY C MEASURED C-Ill FROM MEAN

.IIE+I8 18 42 8.110E+18

logo -8112 2. 734E-182
8,695E-1284 0.011E+81 I.283E4181

&.49SE-012 7.955E-13
8.465E-214 1.180E4219 2.IIIE+8Il

720
1.827E-112 L2.748E-802

7,471E-194 I.IIIE4fl -. 123E112
62 .65SE-OZ2 e.567E-013
52 6.185E-094 I.IIIE+288 I.29IE+III

5.25SE-014 1.110E4181l
1.887E-124 0.026E+112 2.786E+112

1.447E-012 7. 134E-113
8.736E-114 0.211E+222 8.396E+111

452
1.1187E-512 3. b23E-882

9.966E-004 I.8fllEt998 -. 234E+012
409

3.312E-812 4.12SE-183
1.791E-603 I.lhflE+%Ia 1.621E+II1

4.237E-82 2.8q@E-882
3.117E-003 1.161E+111 4.337E+68

210
6.576E-802 4.589E-882

2.71BE-203 1.088E+618 7.339E+111
158

1.217E-881 1.277E-911
3.727E-103 I.IIIE+289 -. l59E+lI

3.531E-012 5.902E-112
M.32E-103 0.000E4188 9.469E+18

8. 131E-8 5.812E-682
.)353E-093 0,009E4118 6.915E+112

;. 145E-862 4.553E-602
4.622E-003 0.68E+80 9.935EtIl9

45
4.721E-002 .IE-2

4.116E-00'3 0.001E+21i 3.912E+811

.,.65E003 5. 774 E-004
4.7 i4E-024 0.001E+889 5,662E+111

5.@M2-005 0.00K+to 1.517E+18
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V

COUNTS/PHOTON RAN6E333 M DEYIATION
6ROUP LIBRARY C MEASURED C-110 FROM MEAN
133190

l.IS.U 0 .lE igOE

l1.979E-912 2.165E-182
4.764E-64 1.IIE+Bl~ -.391E I

1.271E-12 1.B12E-612
4.972E-114 6.101E412l -.188E+012799 1.198E-82 7.489E-803
5.817E-114 0.111E+11 7.619E+ll

1.181E-612 1.611E+188

5.357E-184 1.991 +111 2.214E4991512 2.347E-114 9.01E +11
9.716E-115 .1BSIE411 2,416E411519 9.417E-113 9 8.55E-113
6.721E-884 U.8 BE+lll -.265E411

45, B. 594E-lU3 3.53UE-U93

7.712E-814 1.118E411l 6.449E4U99
499

2.312E-6U2 5.696E-813
1.2 1E-013 .19fE+818 1.361E+4IU

3.213E-162 5.829E-682

1.629E-183 1.881E4119 -.161E+082
299

3.632E-162 1.69BE-182
1.991E-113 1.111EQ999 l.127E+Il1159 7.143E-002 2.661E-11
2.781E-813 1.999E4991 -.699E+812199

6.537E-112 1,351E-882
4.348E-883 1.110E+912 1.193E41l975

5.41BE-012 9.871E-112
3.565E-013 1.0gBE+999 -.182E+992

696.494E-012 1.875E-192
4.142E-113 1.110E+Q11 1.115E+ 9145 3.61BE-112 2.954E-112
1.982E-113 1.U01E4619 3.353E+ ll

2.914E-013 3.441E-184

2 .959E-184 B.88IE481 5.659E+Ilo

8.968E-816 8.1BE+188
7.639E-886 9.686E+1U 1.173E+118

I.IBIE+19U 9.UUUE+1 339.999E4991 9.999E4999 I.191E+U99
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Appendix D. Principle of Monte Carlo

Introduction

The Monte Carlo Method uses random sampling to construct the solu-

tion of a physical or mathematical problem. This random sampling dis-

tinguishes this technique from numerical techniques. A complete treat-

ment of the Monte Carlo method will not be attempted in this review,

only the basic principles will be illustrated.

Basic Principles

The Monte Carlo method depends on the use of "pseudorandom" numbers,

C, which are uniformly distributed on the interval (0,1), i.e. Nv~l.

The interested reader is referred to several references that discuss

random number generation (Refs 12:27-31; 3).

The basic principle is based on modeling a physical phenomenon with

the proper density function. If the phenomenon can be modeled as n in-

dependent, mutually exclusive events El. E2 -9 E nE , with probabilities

Pig P2 9 .. 'rn . respectively, and £ i = 1, then for a discrete case

E will be determined by the generation of a random number, t, on the

interval (0,1). P is the probability density function and is illustra-

ted in Figure 1.

To find F

P il P i 4- 2 + ... P i-l < C< P1 +P..P P

where P(x) is the cumulative probability distribution function for the

discrete case. Figure 2 illustrates the distribution function.
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I% - - I j

0 '- n

Figure 1. Density function

Figure 2. Cumulative probability
function for the discrete

case, event E, selected
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Finding Ei for a continuous case may be approached in a similar

fashion. If p(x)dx is the probability of x lying between x and x+dx,

with a<x<b, and

b
fp(x)dx 1

a

then

x
C P (x) = Jpd

determines x uniquely as a function of C; if is uniformly distributed

on O<<l, then x falls with frequency p(x)dx in the interval (x, x+dx).

To illustrate this first method let us sample the distance to col-

lision of a particle. The density function for this example is given by

p() te t 
(I)

where

1 = Distance to collision

Et = Total macroscopic cross-section of the medium. Et isinterpreted as the probability per unit length of a

collision.

The probability of a first collision between I and l+dl along the

photon's line of flight is given by

-Z 1
p(l)dl = E e dl (2)

By applying the basic principle to equation (2),

i Zs -Etl

=P(l) fe Etds l-e (3)

0
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solving for 1

= tln(- ) (4)

I is then determined directly from C.

Equation (4) is often seen simplified to

1= - In (5)
Zt

since 1-; is distributed in the same manner as C.

This example illustrates the basic principles, but finding x

becomes more difficult when the integral cannot be solved explicitly.

A simple method to overcome an implicit integral is to subdivide

(a,b) into intervals, storing accurate values of P(Xi)=Pi for the end

points of each subinterval

X = a<x,...<xn = b

Then using the discrete method for determining the interval (Xi-l,Xi) on

which X falls. Interpolation is then used to find the final value of X.

The resulting equation is given by

X = Xi  PMi-m - (Xi-Xi1

Often it is difficult or impossible to find a closed form for some

density functions. An alternate method called the rejection technique

may be used. The rejection technique is often used for sampling from a

density function p(x), a<x<b, by employing two random numbers, c and n.

Figure 3 illustrates how the technique uses the random numbers to define

points distributed on the rectangular area, bounded by the lines
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x=l, x-b, y=O, and y=l.

P()

I I

e I
, . ,I
I I

Figure 3. The rejection technique

This technique consists of "throwing" points (C,n) uniformly into

the bounded region and rejecting the points lying above the curve (in

the shaded region). This technique is best used when the rejection area

is only a small fraction of the total enclosed rectangle.

138



Bibliography

1. Straker, E. A. et al. "The MORSE Code - A Multigroup Neutron and
Gamma-Ray Monte Carlo Transport Code," ORNL-4585 (1970).

2. Lecture notes from a transport class given at the University of
Tennessee. These notes were given to the author by Dr. C. J. Tang
of Oak Ridge National Laboratory.

3. Reilly, T. D. et al. "A Guide to Famma-Ray Assay for Nuclear
Material Accouna7bility," LA-5794-M : Los Alamos Scientific
Laboratory of the University of California.

4. ... RSIC Data Library Collection : PVC 36 Group, P , Photon
Interacton- Cross Sections for 38 Materials in ANIh Format.
DLC-48 : Oak Ridge National Laboratory, Oak Ridge, Tennessee.

5. Lee, Y. W. et al. Statistical Communication. Wiesner Product,
Washington, 195"0.

6. Lange, F. H. Correlation Techniques. D. Van Nostrand, Princeton,
N.J., 1967.

7. Lee, Y. W. Statistical Theory of Communication. John Wiley &
Sons, New York, N. Y., 1960.

8. Mariscottii, M. A. "A Method for Automatic Identification of
Peaks in the Presence of Background and its Application to Spec-
trum Analysis," Nuclear Instruments and Methods, 50 : 309-320
(1967).

9. Routti, J. T. and S. G. Prussin. "Photopeak Method for the Com-
puter Analysis of Gamma-Ray Spectra from Semiconductor Detectors,"
Nuclear Instruments and Methods, 72 : 125-142 (1968).

10. Robertson, A. et al. " An Automatic Peak-Extraction Technique,"
Nuclear Instruments and Methods, 100 : 317-324 (1971).

11. Black, W. W. "Application of Correlation Techniques to Isolate
Structure in Experimental Data," Nuclear Instruments and Methods,
71 : 317-327 (1969).

12. Horlick, G. "Detection of Spectral Information Utilizing Cross-
Correlation Techniques," Analytical Chemistry, 45 : 319-324.

139

__ __ _ . . . . .. I.. . .



13. Personal communication between the author and Dr. D. G. Shank-
land, Professor, Air Force Institute of Technology, Wright-Pat-
terson AFB, Ohio.

.11

.140 .1



Vita

The author of this thesis, Lt. Alan W. Dooley, was born in Big

Springs, Texas, on 26 October, 1959. He is the son of Mrs. Margaret

Dooley and Lt. Colonel Floyd R. Dooley, Retired USAF, of Warner Robins,

Georgia. Lt. Dooley graduated from Warner Robins High School before

attending the University of Georgia for three years while studying for

a chemistry degree. lHe then transferred to Georgia Institute of Tech-

nology where he received a Bachelor of Chemical Engineering in June 1982.

The Air Force Institute of Technology was his first assignment.

141



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

Unclassified
2& SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release;

2b. DECLASSIFICATION/OOWNGRAOING SCHEDULE distribution unlimited

4, PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITOF - 4G ORGANIZATION REPORT NUMBER(S)

AFIT/GNE/PH /84M-2

6a. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
(If applicable)

School of Engineering AFIT/EN

6c. ADDRESS (City. State and ZIP Code) 7b. ADDRESS (City. State and ZIP Code)

Air Force Institute of Technology
Wright-Patterson AFB, Ohio 45433

B. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (it applicable)

Sc. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.

PROGRAM PROJECT TASK WORK UNIT

ELEMENT NO. NO. NO. NO.

11. TITLE (Include Security Classification)

See Box 19
12. PERSONAL AUTHOR(S)

Alan W. Dooley, B. Chm. Eng., 2nd Lt, USAF
M TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., Mo., Day) 15. PAGE COUNT

MS Thesis FROM ____ ____ 1984 March
16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUB. GR. Gamma Ray Spectra, Cross-Correlation Techniques,

20 08 Radioactive Materials

19. ABSTRACT fContinue on reverse if necessary and identify by block number)

Title: Study of Total Gamma Spectra Correlation for Extending Identification Range

over Photopeak Analysis

a.a to r we ai 1

Thesis Chairman: Leslie L. McKee, Major, USAF W.- V a N
j Ia l 3,aea ad Professional bowOmPUJ

Jul loses In11tute cI T.cbOglrV n

20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

,CLASSIFIED/UNLIMITED ]SAME AS RPT. []DTIC USERS -] Unclassified

22s. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE NUMBER 22c. OFFICE SYMBOL
S (Include Area Code)

Leslie L. McKee, Major, USAF 513-255-4498 AFIT/ENP

DD FORM 1473, 83 APR EDITION OF I JAN 73 IS OBSOLETE. UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE



UNCLASS IFIlED

SECURITY CLASSIFICATION OF THIS PAGE

This report shows that gamma spectra identification by total

flux correlation can be used to extend identification range over

photo peak methods. Identification was based on two decision rules

both employing cross-correlation coefficients. The largest

coefficient (first decision rule) matched the unknown spectra with the

correct source thirty-seven out of thirty-eight trails. The proposed

likelihood function (second decision rule) had a success rate of

thirty-five out of thirty-eight trials. These results were based on

spectra generated by the transport code, Morse.

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE



010

co

4 
0A

V~ q, 
jx

Mu T"RJt
". '

fir

ol


